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1.1 Introduction 


Wound rotor induction generators (WRIGs) are provided with three phase windings on the rotor and 
on the stator. They may be supplied with energy at both rotor and stator terminals. This is why they are 
called doubly fed induction generators (DFIGs) or double output induction generators (DOIGs). Both 
motoring and generating operation modes are feasible, provided the power electronics converter that 
supplies the rotor circuits via slip-rings and brushes is capable of handling power in both directions. 
As a generator, the WRIG provides constant (or controlled) voltage V, and frequency f, power through the 
stator, while the rotor is supplied through a static power converter at variable voltage V, and frequency f,. 
The rotor circuit may absorb or deliver electric power. As the number of poles of both stator and rotor 
windings is the same, at steady state, according to the frequency theorem, the speed @,, is as follows: 


@,=0,+0,; @, =Q,°-p, (1.1) 
where 
Pp, is the number of pole pairs 
Q, is the mechanical rotor speed 
1-1 
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FIGURE 1.1 Wound rotor induction generator (WRIG) main operation modes: (a) basic configuration, (b) subsynchro- 
nous generating (@,< @,), (c) supersynchronous generating (@,> @,), and (d) rotor output WRIG (brushless exciter). 


The sign is positive (+) in Equation 1.1 when the phase sequence in the rotor is the same as in the 
stator and @,,< @,, that is, subsynchronous operation. The negative (—) sign in Equation 1.1 corresponds 
to an inverse phase sequence in the rotor when @,,> @,, that is, supersynchronous operation. 

For constant frequency output, the rotor frequency @, has to be modified in step with the speed 
variation. This way, variable speed at constant frequency (and voltage) may be maintained by controlling 
the voltage, frequency, and phase sequence in the rotor circuit. 

It may be argued that the WRIG works as a synchronous generator (SG) with three-phase alternating 
current (AC) excitation at slip (rotor) frequency @,= @,— @,,. However, as @, # ,,, the stator induces 
voltages in the rotor circuits even at steady state, which is not the case in conventional SGs. Additional 
power components thus occur. 

The main operational modes of WRIG are depicted in Figure 1.1a through Figure 1.1d (basic config- 
uration shown in Figure 1.1a). The first two modes (Figure 1.1b and Figure 1.1c) refer to the already 
defined subsynchronous and supersynchronous generations. For motoring, the reverse is true for the 
rotor circuit; also, the stator absorbs active power for motoring. The slip S is defined as follows: 


@, >0; subsynchronous operation (1.2) 
@, <0; supersynchronous operation , 
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A WRIG works, in general, for @, # 0 (S # 0), the machine retains the characteristics of an induction 
machine. The main output active power is delivered through the stator, but in supersynchronous operation, 
a good part, about slip stator powers (SPs), is delivered through the rotor circuit. With limited speed variation 
range, say from S,,,,, to —S,,9,. the rotor-side static converter rating — for zero reactive power capability on 
the rotor side — would be P, =|S_|P.. With S,,,. typically equal to +0.2 to 0.25, the static power 


converter ratings and costs would correspond to 20 to 25% of the stator delivered output power. 
At maximum speed, the WRIG will deliver increased electric power, P 


max* 


max 


P =P+P =P+ 


max Ss rmax 5 


S 


max 


P (1.3) 


Ss 


with the WRIG designed at P, for @,,= @, speed. The increased power is delivered at higher than rated 
speed: 


a) =@,(1+|S_. |) (1.4) 


mmax max 


Consequently, the WRIG is designed electrically for P, at @,,= @,, but mechanically at Dying, ANA Prrage 

The capability of a WRIG to deliver power at variable speed but at constant voltage and frequency 
represents an asset in providing more flexibility in power conversion and also better stability in frequency 
and voltage control in the power systems to which such generators are connected. 

The reactive power delivery by WRIG depends heavily on the capacity of the rotor-side converter to 
provide it. When the converter works at unity power delivered on the source side, the reactive power in 
the machine has to come from the rotor-side converter. However, such a capability is paid for by the 
increased ratings of the rotor-side converter. As this means increased converter costs, in general, the 
WRIG is adequate for working at unity power factor at full load on the stator side. 

Large reactive power releases to the power system are still to be provided by existing SGs or from 
WRIGs working at synchronism (S = 0, @, = 0) with the back-to-back pulse-width modulated (PWM) 
voltage converters connected to the rotor controlled adequately for the scope. 

Wind and small hydroenergy conversion in units of 1 megawatt (MW) and more per unit require variable 
speed to tap the maximum of energy reserves and to improve efficiency and stability limits. High-power 
units in pump-storage hydro- (400 MW [1]) and even thermopower plants with WRIGs provide for extra 
flexibility for the ever-more stressed distributed power systems of the near future. Even existing (old) SGs 
may be retrofitted into WRIGs by changing the rotor and its static power converter control. 

The WRIGs may also be used to generate power solely on the rotor side for rectifier loads (Figure 1.1d). 
To control the direct voltage (or direct current [DC]) in the load, the stator voltage is controlled, at 
constant frequency @,, by a low-cost alternating current (AC) three-phase voltage changer. As the 
speed increases, the stator voltage has to be reduced to keep constant the current in the DC load 
connected to the rotor (@,= @, + @,,). If the machine has a large number of poles (2p, = 6,8,12), the 
stator AC excitation input power becomes rather low, as most of the output electric power comes from 
the shaft (through motion). 

Such a configuration is adequate for brushless exciters needed for synchronous motors (SMs) or for 
generators, where field current is needed from zero speed, that is, when full-power converters are used 
in the stator of the respective SMs or SGs. 

With 2p, = 8, m = 1500 rpm, and f, = 50 Hz, the frequency of the rotor output f, = f,+ np, = 50+ 
(1500/60)* 4 = 150 Hz. Such a frequency is practical with standard iron core laminations and reduces 
the contents in harmonics of the output rectified load current. 

In this chapter, the following subjects related to WRIG steady state will be detailed: 


* Construction elements 

* Basic principles 

* Inductances 

+ Steady-state model (equations, phasor diagram, equivalent circuits) 
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+ Steady-state characteristics at power grid 
* Steady-state characteristics for isolated loads 
* Losses and efficiency 


1.2 Construction Elements 


The WRIG topology contains the following main parts: 


+ Stator laminated core with N, uniformly distributed slots 

* Rotor laminated core with N, uniformly distributed slots 

+ Stator three-phase winding placed in insulated slots 

* Rotor shaft 

+ Stator frame with bearings 

* Rotor copper slip-rings and stator (placed) brushes to transfer power to (from) rotor windings 
* Cooling system 


1.2.1 Magnetic Cores 


The stator and rotor cores are made of thin (typically 0.5 mm) nonoriented grain silicon steel lamination 
provided with uniform slots through stamping (Figure 1.2.a). To keep the airgap reasonably small, 
without incurring large core surface harmonics eddy current losses, only the slots on one side may be 
open. On the other side of the airgap, they should be half closed or half open (Figure 1.2b). 

Though, in general, the use of radial—axial ventilation systems led to the presence of radial channels 
between 60 and 100 mm long elementary stacks, at least for powers up to 2 to 3 MW, axial ventilation 
with single lamination stacks is feasible (Figure 1.3a and Figure 1.3b). As the airgap is slightly increased 
in comparison with standard induction motors, the axial airflow through the airgap is further facilitated. 
The axial channels (Figure 1.3a) in the stator and rotor yokes (behind the slot region) play a key role in 
cooling the stator and the rotor, as do the radial channels (Figure 1.3b) for the radial—axial ventilation. 

The radial channels, however, are less efficient, as they are “traveled” by the windings, and thus, 
additional phase resistance and leakage inductance are added by the winding zones in the radial channel 
contributions. In very large, or long, stack machines, radial—axial cooling may be inevitable, but, as 
explained before, below 3 MW, the axial cooling in unistack cores, already in industrial use for induction 
motors, seems to be the way of the future. 


Open stator 
slot 


rotor slot 


FIGURE 1.2 (a) Stator and (b) rotor slotted lamination. 
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FIGURE 1.3 Stator and rotor stacks: (a) for axial cooling and (b) for radial—axial cooling. 


1.2.2 Windings and Their mmfs 


The stator and rotor three-phase windings are similar in principle. In Chapter 4 in Synchronous Generators, 
their design is described in some detail. Here, only the basic issues are presented. The three-phase 
windings are built to provide for traveling magnetomotive forces (mmfs) capable of producing a traveling 
magnetic field in the uniform airgap (slot openings are neglected or considered through the Carter 
coefficient K.= 1.02 to 1.5): 


HE, (x, t) 


B (x,t)= 
8 gK (1+K,) 


(1.5) 


where 
F,,(x,t) is equal to the mmfs per pole produced by either stator or rotor windings 
g is the airgap 
K, is the Carter coefficient to account for airgap increase due to slot openings 
K, is the iron core contribution to equivalent magnetic reluctance of the main flux path (Figure 1.2a) 


To produce a traveling airgap field, the stator and rotor mmfs, seen from the stator and from the rotor, 
respectively, have to be as follows: 


F(0.,t)=F .cos(p,8,-@,t) (1.6) 


F(@,t)=F cos(p,6 +@,t) (1.7) 


where p, is the number of electrical periods of the magnetic field wave in the airgap or of pole pairs. The 
rotor mmf is produced by currents of frequency @). 
At constant speed, the rotor and stator geometrical angles are related by 


pO.=p0,-@tt+y; @=Q.-p; pe.=at (1.8) 


where @, is the rotor speed in electrical radians per second (rad/sec). Consequently, F,(0,,t) becomes 


F(0.,t)=F cos[p,6,—-(@, +, )t+y] (1.9) 
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The average electromagnetic torque and power per electric period is nonzero only if the two mmfs are 
at standstill with each other. That is, 


0,=0, + @,;S=@,/@, (1.10) 


The positive sign (+) is used when @,< @,, and thus, the rotor and stator mmf waves rotate in a positive 
direction. The negative sign (—), used when @,> @,, refers to the case when the rotor mmf wave moves 
in the opposite direction to that of the stator. Also, the torque is nonzero when the angle y# 0, that is, 
when the two mmfs are phase shifted. 

To produce a traveling mmf, three phases, space lagged by 120° (electrical), have to be supplied by AC 
currents with 120° (electrical) time-lag angles between them (see Chapter 4 in Synchronous Generators, 
on the SG). 

So, all three phase windings for, say, maximum value of current, should independently produce a 
sinusoidal spatial mmf: 


2 . 2. 
(F,aclO.0)_ =F, con ~i-0™| (1.11) 


Each phase mmf has to produce 2p, semiperiods along a mechanical period. With only one coil per pole per 
phase, there would be 2p, coils per phase and 2p, slots per phase if each coil occupies half of the slot (Figure 1.4a). 
From the rectangular distribution of phase mmf (Figure 1.3a and Figure 13.b), a fundamental is extracted: 


F.(p.8,) =n 12.008 p83 n, — turns/coil (1.12) 


The harmonics content of the phase mmf in Figure 1.4b is hardly acceptable, but more steps in its 
distribution (more slots) and chorded coil would drastically reduce these space harmonics (Figure 1.5). 

For the two-pole 24-slot winding with chorded coils (coil span/pole pitch = 10/12), the number of 
steps in the phase mmf is larger, and thus, the harmonics are reduced (Figure 1.5). For the fundamental 
component (based on Figure 1.5b), we obtain the expression of the mmf per pole and phase: 


nIN2 
(b) 


Fs4(P19s) 2n an 


FIGURE 1.4 Elementary three-phase winding with 2p, = 4 poles and N,= 12 slots: (a) coils of phase A in series and 
(b) phase A magnetomotive force (mmf) for maximum phase current. 
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FIGURE 1.5 Two-pole (2p, = 2), N,= 24 slots three-phase winding, with two layers in slot, coil span y/T= 10/12: (a) slot- 
to-phase allocation for layer 1 and coils of phase A and (b) phase A magnetomotive force (mmf) for maximum current. 


_ 2WiK Ke 2 : 
Tp, 


W, — turns/phase (1.13) 


DAL 
For the space harmonic v, in a similar way, 


= 2Wik Ky, IY2 


1.14 
sAV Vp, ( ) 
with K,, and K,, known as distribution and chording factors: 
ee ee ™ (1.15) 
v . VT a T 2 
qsin — 
64 
where q is the number of slots per pole per phase: 
N, r N, r ( ) 
| eee ee 1.16 
; 2pm, 6p, 


Only the odd harmonics are present, in general, as the positive and negative mmf poles are identical, 
while the multiples of three harmonics are zero for symmetric currents (equal amplitude, 120° phase 
shift): v = 1,5,7,11,13,17,19,... It was proven (Chapter 4, in Synchronous Generators) that harmonics 
7,13,19 are positive, and 5,11,17,... are negative in terms of sequence. By adding the contributions of the 
three phases, we find that the mmf amplitude per pole F,, is as follows: 


3 F = 3W.K,,Ky v2 
sAv 


sv 2 VP, 


(1.17) 
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Similar expressions may be derived for the rotor. To avoid parasitic synchronous torques, the number of 
slots of the stator and the rotor has to differ: 


N,4#N,3 9,44, (1.18) 


Harmonics have to be treated carefully, as the radial magnetic pull due to rotor excentricity tends to 
be larger in WRIG than in cage-rotor induction generators (IGs) [2]. 

In general, WRIGs tend to be built with integer q both in the stator and in the rotor. Also, current 
paths in parallel may be used to reduce elementary conductor cross-sections. 

Frequency (skin) effects have to be reduced, especially in large WRIGs, with bar-made windings where 
transposition may be necessary (Roebel bar, see Chapter 7, in Synchronous Generators). 

Finally, the rotor winding end connections have to be protected against centrifugal forces through 
adequate bandages, as for cylindrical rotor SGs. 

Whenever possible, the rated (design) voltage of the rotor winding has to be equal to that in the stator 
as required in the control of the rotor-side static power converter at maximum slip. This way, a voltage- 
matching transformer is avoided on the supply side of the static converter. Consequently, the rotor-to- 
stator turns ratio a,, is as follows: 


WK Kn 
WRK, IS 


el 


(1.19) 


Care must be exercised in such designs to avoid connecting the stator at the full-voltage power grid 
at zero speed (S = 1), as the voltage induced in the rotor windings will be a,, times larger than the rated 
one, jeopardizing the rotor winding insulation and the rotor-side static power converter. 

If starting as a motor is required (for pump storage, etc.), it is done from the rotor, with the stator 
short-circuited, by making use of the rotor-side bidirectional power flow capabilities. Then, at certain 
speed Dpnin> Onn (1 — |Sinaxl), the stator circuit is opened. The machine is cruising while the control prepares 
the synchronization conditions by using the inverter on the rotor to produce adequate voltages in the 
stator. After synchronization, motoring (for pump storage) can be performed safely. 

In WRIGs, a considerable amount of power (up to |S,,ax{*P,y) is transferred in and out of the rotor electrically 
through slip-rings and brushes. With |S,,,,,|= 0.20, it is about 20% of the rated power of the machine. Remember 
that in SGs, the excitation power transfer to rotor by slip-rings and brushes is about five to ten times less. 

The question is if those multimegawatts may be transferred through slip-rings and brushes to the 
rotor in large-power WRIGs. The answer seems to be “yes,” as 200 MW and 400 MW units have been 
in operation for more than 5 years at up to 30 MW power transfer to the rotor. 

In contrast to SGs, WRIGs have to use higher voltage for the power transfer to the rotor to reduce 
the slip-ring current. Multilevel voltage source bidirectional pulse-width modulated (PWM) MOSFET- 
controlled thyristor (MCT) converters are adequate for the scope of our discussion here. If the rotor 
voltage is increased in the kilovolt (and above) range, the insulation provisions for the rotor slip-rings 
and on the brush framing side are much more demanding. 

Note that SG brushless exciters based on the WRIG principle with rotor rectified output do not need 
slip-rings and brushes. In WRIGs with large stator voltage (V,,= 18 kV, 400 MW), it may be more practical 
to use lower rated (maximum) voltage in the rotor, say up to 4.5 kV, and then use a step-up voltage 
adapting transformer to match the rotor connected static power converter voltage (4.5 kV) to the local 
(stator) voltage (say 18 kV). Such a reduction in voltage may reduce the eventual costs of the static power 
converter so much as to overcompensate the costs of the added transformer. 


1.2.3. Slip-Rings and Brushes 


A typical slip-ring rotor is shown in Figure 1.6. It is obvious that three copper rings serve each phase, as 
the rotor currents are large. 
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FIGURE 1.6 Slip-ring wound rotor. 


1.3 Steady-State Equations 


The electromagnetic force (emf) self-induced by the stator winding, with the rotor winding open, E,, is 
as follows: 


E,=mV2fW.K,,03 (RMS) (1.20) 
Ky, =Ky-K,, (1.21) 
The flux per pole @,, is 
o.= Zs oth (1.22) 
1 & 


where 
I, is the stack length 
Tis the pole pitch 
D,, is the stator bore diameter 


Bay is the airgap fundamental flux density peak value: 


F 
B= (1.23) 
K,.g0+K,) 
F,, is the amplitude of stator mmf fundamental per pole 
From Equation 1.17, with v= 1, 
~ WK? (1.24) 
sl0 Tp, 
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Bio (T) L, t/g increases 
m 


t/g increases 


FIGURE 1.7 Typical airgap flux density (B,,)) and magnetization inductance (in per unit [P.U.]) vs. PU. stator current. 


But the same emf E, may be expressed as 


E,=@,L,,-1 (1.25) 


lm ~10 


So, the main flux, magnetization (cyclic) inductance of the stator — with all three phases active and 
symmetric — L,,, is as follows (from Equation 1.20 through Equation 1.25): 


_ 6H W Ky.) 


= (1.26) 
"1p, K g(l+K,) 


The Carter coefficient K.> 1 accounts for both stator and rotor slot openings (K.= K,, Kj). The saturation 
factor K,, which accounts for the iron core magnetic reluctance, varies with stator mmf (or current for 
a given machine), and so does magnetic inductance Ly, (Figure 1.7). 

Besides L,,,, the stator is characterized by the phase resistance R, and leakage inductance L, [2]. The 
same stator current induces an emf E,, in the rotor open-circuit windings. With the rotor at speed @, — 
slip S = (@,— @,)/@, — E,, has the frequency f,= Sf: 


E, (t)= E,.V2coso,t 


(1.27) 
E,, = AV 2Sf,W,Ky 
Consequently, 
E W,K 
2s = § 2 W2=§-K (1.28) 
EO WKy, 


This rotor emf at frequency Sf, in the rotor circuit is characterized by phase resistance R,” and leakage 
inductance L",. Also, the rotor is supplied by a system of phase voltages at the same frequency @, and at 
a prescribed phase. 

The stator and rotor equations for steady-state/phase may be written in complex numbers at frequency 
@, in the stator and @, in the rotor: 


(R,+j@,L,)I,-V,=E, at o, (1.29) 


(R’ + jS@,L,)I,-Vi =E,, at @ (1.30) 


2 
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According to Equation 1.28, we may multiply Equation 1.30 by 1/K,, to reduce the rotor to stator: 


. E,. 
(R, + jSo,L,,)I, ~ V, = KK E,. = SEK, 


R=R/K, L,=DJK* (1.31) 
Vi SV {IK ded aK, 


The division of Equation 1.31 by slip S yields the following: 


care | ee (1.32) 
iS J Vor J=r S ~ S : 


But, Equation 1.31 may also be interpreted as being “converted” to frequency @,, as E, is at @, (E,,/S= E,): 


(1.33) 


1 


R, V 
[$+jo, |b a =E; ato 
In Equation 1.33, the rotor voltage V, and current I, vary with the frequency @, and, thus, are written 
(in fact) in stator coordinates. A “rotation transformation” has been operated this way. Also, all variables 
are reduced to the stator. Physically, this would mean that Equation 1.33 refers to a rotor at standstill, 
which may produce or absorb active power to cover the losses and delivers in motoring the mechanical 
power of the actual machine it represents. 
Finally, the emf E, may now be conceived to be produced by both J, and I, (at the same frequency @,), 
both acting upon the magnetization inductance L,,, as the rotor circuit is reduced to the stator: 
E,=-jo,L,,U.+1,)=—jo,L,, 1 (1.34) 


lolm-m 


1.4 Equivalent Circuit 


The equivalent circuit corresponding to Equation 1.29, Equation 1.31, and Equation 1.34 is illustrated 
in Figure 1.8. Two remarks about Figure 1.8 are in order: 


+ The losses in the machine occur as stator and rotor winding losses p,,, + Po,» Core losses p,;,, and 
mechanical losses Pjj.c! 
Pine =3RLs Pp, =3R,°3 P,, =3R,,,(SO, Ie (1,35) 


cor 


R,(1-S) V (1-S) 
I R, jO Ly I, JOLu R, S S 


| 
ie 


FIGURE 1.8 Wound rotor induction generator (WRIG) equivalent circuit for steady state. 


© 2006 by Taylor & Francis Group, LLC 


1-12 Variable Speed Generators 


* The resistance R,,, that represents the core losses depends slightly on slip frequency @,= S@,, as 
non-negligible core losses also occur in the rotor core for Sf,> 5 Hz. 

+ The active power balance equations are straightforward, from Figure 1.8, as the difference between 
input electrical powers P, and P, and the losses represents the mechanical power P,,: 


RI? Re(I*V_) o 
>) =| 3-4-3 f=" l-S)=T, 4(1-S)=P, (1-S) 
Ss Ss p, (1.36) 


Lp = Poos + Poor + Page +P, 


P 


elm 


is the electromagnetic (through airgap) power. 
P +P" =3Re(V I°)+3Re(V ,I°)=P, + Xp (1.37) 


T, is the electromagnetic torque. The sign of mechanical power for given motion direction is used to 
discriminate between motoring and generating. The positive sign (+) of P,, is considered here for 
motoring (see the association of directions for V,,J, in Figure 1.8). 


The motor/generator operation mode is determined (Equation 1.36) by two factors: the sign of slip S 
and the sign and relative value of the active power input (or extracted) electrically from the rotor P, 
(Table 1.1). So, the WRIG may operate as a generator or a motor both subsynchronously (@,< @,) and 
supersynchronously (@,> @,). The power signs in Table 1.1 may be portrayed as in Figure 1.9. 

If all the losses are neglected, from Equation 1.36 and Equation 1.37: 


Pepe 


m 


P+P (1.38) 


n 


Consequently, 
P =-SP (1.39) 


The higher the slip, the larger the electric power absorption or delivery through the rotor. Also, it 
should be noted that in supersynchronous operation, both stator and rotor electric powers add up to 
convert the mechanical power. This way, up to a point, oversizing, in terms of torque capability, is not 
required when operation at S=-S,,,,, occurs with the machine delivering P,(1 + |S,,q,|) total electric power. 

Reactive power flow is similar. From the equivalent circuit, 


a 


VI 
Q.+Q =3lmag(V I*)+ sm =30,(LI? +L, +L) (1.40) 


TABLE 1.1 Operation Modes 


0<S<1l S<0 
S Subsynchronous (@,< @,) | Supersynchronous (@,> @,) 
Operation Mode Motoring Generating Motoring Generating 
Pe >0 <0 >0 <0 
P. >0 <0 >0 <0 
Pe <0 >0 >0 <0 
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S>0 
(@, < 4) 
Motoring 
a Pin S<0 
(f,) ee a (@, > @) 
1 
Motoring 
Ps Pin S=0 P, Pe. 
O, = 0. 
(f) yp (@, = ®;) Pig 
(Prdc Yp = losses dic. excitation 
d.c. excitation power 
power 


FIGURE 1.9 Operation modes of wound rotor induction generator (WRIG) at S > 0, S <0, and S=0. 


So, the reactive power required to magnetize the machine may be delivered by the rotor or by the stator 
or by both. The presence of S in Equation 1.40 is justified by the fact that machine magnetization is 
perceived in the stator at stator frequency @,. 

As the static power converter rating depends on its rated apparent power rather than active power, it 
seems to be practical to magnetize the machine from the stator. In this case, however, the WRIG absorbs 
reactive power through the stator from the power grids or from a capacitive-resistive load. In stand-alone 
operation mode, however, the WRIG has to provide for the reactive power required by the load up to 
the rated lagging power factor conditions. If the stator operates at unity power factor, the rotor-side static 
power converter has to deliver reactive power extracted either from inside itself (from the capacitor in 
the DC link) or from the power grid that supplies it. 

As magnetization is achieved with lowest kVAR in DC, when active power is not needed, the machine may 
be operated at synchronism (@,= @,) to fully contribute to the voltage stability and control in the power 
system. To further understand the active and reactive power flows in the WRIG, phasor diagrams are used. 


1.5 Phasor Diagrams 


To make better use of the phasor diagram, we will expose in the steady-state equations (Equation 1.29, 
Equation 1.33, and Equation 1.34) the phase flux linkages in the stator Y’,, in the airgap ’,,, and in the 
rotor VY : 


Yi =2,25 £,=£h+£ 


Wa +10; ¥=LI+L, 13; L,=L,+L,, (1.41) 


Im 


ae = eS +113 Me 7 LI+L,, 13 L, = L,+L,,, 


All quantities in Equation 1.41 are reduced to the stator and “in-stator coordinates” — same frequency f,. 
With these new symbols, Equation 1.29, Equation 1.33, and Equation 1.34 become 


LR.-V,=-jo¥ 3; LR. -V,=-jo,S¥,=+E, (1.42) 
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(a) (b) 


FIGURE 1.10 Phasor diagrams for wound rotor induction generator (WRIG) in generator mode, S > 0 (@,< @,): 
(a) for rotor unity power factor and (b) stator unity power factor. 


To build the phasor diagrams, the value and sign of S and the phase shift @, between V, and I, in the 
rotor have to be known, together with machine parameters and the amplitude|V, of V,. Let us explore 
two cases: underexcitation and overexcitation, that is, respectively, with stator magnetization and rotor 
magnetization of the machine (cos ~, — leading and, respectively, lagging). For underexcitation condi- 
tions, we may assume unity power factor in the rotor (@,= 0), as the magnetization is provided by the 
stator (Figure 1.10a), and start by drawing the V, and I, pair of phasors and then continue by using 
Equation 1.41 and Equation 1.42, alternatively, until V, is obtained. 

The phasor diagrams show that when the machine is underexcited, Y< 1, < I) while when it is 
overexcited, ¥ >‘¥ (I >I,). The operation of WRIG may also be approached from the point of view 
of a synchronous machine. 

From Equation 1.42, 

I (R,+joL)-V,=E, =-joL, I (1.43) 


Vilm-r 


Now, the problem is that the apparent synchronous reactance of the machine is L, the no-load 
inductance, while the emf E, is produced only by the rotor current at stator frequency f,. As the slip S # 0, 
there is also interference between stator and rotor currents, so such an interpretation does not hold much 
promise in terms of practicality. However, the rotor flux ‘Yin Equation 1.42 seems to be determined 
solely by the rotor voltage and current for given slip. To make use of this apparent decoupling, express 
WY, as a function of ‘Y, and J, from Equation 1.41: 


2 


L 
L=L,th,s L,=L,-J™=L, +l, (1.44) 


SC 


L 
a nn ae 


s pa=sy 3 ‘sc —S? 
rm r 


Introducing Equation 1.44 in Equation 1.42 yields the following: 


L s 
I(R,+j@,L.)-V,= oe Y=£y, (1.45) 


m 
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Keeping the rotor flux constant, the machine behaves like a synchronous machine with synchronous 
reactance that is the short-circuit reactance X,.. As X,.« X, this “new machine” behaves much better in 
terms of stability and voltage regulation. 

Controlling the WRIG to keep the rotor flux constant is practical and, in fact, it was extensively used 
in vector-controlled AC drives [3]. 

We may now totally eliminate J, from Equation 1.42, with the following: 


: OM 
LS (1.46) 
L. 
L R 
-R "1, +| ++ jSa, |W, =V, (1.47) 
ae i 
. _ L 
(R,+ j,L,)1,+ jo, 5, =V, (1.48) 


m 


This set of equations is easy to solve, provided the stator voltage V,, power P,, and stator power factor 
angle @, are given: 


P 
T =—s— (1.49) 
*  3V cos@. 


With V, in the horizontal axis, the stator current phasor J, is obtained: 


V, =V. 
(1.50) 
I, =1,(cos@, — jsing,) 


From Equation 1.48, Y, is determined as amplitude and phase with respect to stator voltage. Then, rotor 
current I, — in stator phase coordinates — can be computed from Equation 1.46, both in amplitude 
and phase. Finally, if the speed @, is known, the slip S is known (S = 1— @,/@,) and, thus, from Equation 1.47, 
the required rotor voltage phasor V, (in stator coordinates) is computed (V,, 6y,). 


Example 1.1 


Consider a WRIG with the following data: Psy= 12.5 MW, cos@y= 1, Voy, = 6 kV/(star connection) 
at Syigx= —0.25, the turn ratio K,,= 1/S, 4.0, r,= 1, = 0.0062 (P.U.), 1, = 09, 1) = 1,= 0.0625 (P.U.), 


max max 


1, = 5.00 (P.U.), fiy= 50 Hz, 2p, = 4 poles. Calculate: 


+ The parameters R,, R, Xy, X, X), in Q 
* For S=—-S,,,, and maximum power P,,,,. at cos @,= 1, calculate the rotor current, rotor voltage, 
and its angle 6,, with respect to the stator voltage, rotor active and reactive power P,, Q,", and 


total electric generator power P,= P,+ P,. 
Solution 


* The stator current at Px, and cos, =1 is 


P 6 
svi — 2 dae onaioe A 


V3V,,,cosp,, V3 -6000-1 


(I, ee 
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Based on the definition of base reactance Xj, the latter is 


_Vew//3 _ 6000 


xX = 
a ee pT. 


= 2.88 Q 


R,=R,=r,-X,, =0.00625-2.88 = 0.018 Q 
X, =X, =1,-X, = 0.0625-2.88 = 0.18 Q 


xX ] -X. =5x2.88=14.4 QO 


Im m N 


* The maximum current J, is in phase opposition with the stator voltage as g,=—180°in the 
generator mode, and as in Equation 1.47 and Equation 1.48, absorbed powers are positive. The 
phasor diagram for this case is shown in Figure 1.11. From Equation 1.48, the rotor flux phasor 

Y, is obtained: 


: : 14.4 : 
WY =—j(6000/ 73 -1204- (0.018 + j-2-0.18)): Sy gp 7 1363- j0.9756 
TT . 
The rotor current I, is as follows (Equation 1.46): 


_ (1.363—j10.9765)-314 14.4-(—1204) 
= (0.18+14.4) 0.18+14.4 


= 1218.49— j236.3 


From Equation 1.47, we can now compute the rotor voltage phasor V, for S —0.25: 


max 


14.4 0.018-314_ , 
V,=—0.018- (—1204)+ + j(—0.25)- 314 |(1.363 — 710.9756) 
~ 14.4+ 0.18 14.4+ 0.18 


= —840— 7111.24 


The reactive power through rotor Q,, perceived at stator frequency, is (Figure 1.11) 


VI * i = : 
Q= sina } sae 840— j111.14)(1218 + j2363) = 4004 MVAR 


S —0.25 
In our case, Q,= 0, so Q, has to completely cover the reactive in the WRIG at stator frequency: 


Q =3X,P +3X, +3X, |L+1P 


= 3x0.018(1204* + 12187 + 236.37) +3-14.4-|—-1204 +1218 — j236.3|’= 4.04 MVAR 


As expected, the two values of Q, are very close to each other. Positive Q, means absorbed reactive 
power, as it should, to fully magnetize the machine from the rotor (Q,= 0). Q, should not be 
confused with the reactive power Q," that is measured at the slip-rings, at frequency S@,: 


Q’= | S| Q= |0.25|-4.04 MVA =1.01 MVA 
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Y.> 
(overexcitation) 


Lgl, L 4, 


FIGURE 1.11 Phasor diagram for generating and unity stator power factor for S < 0. 


The absolute value of slip is used to account for both subsynchronous and supersynchronous 


situations correctly, preserving the sign of the rotor-side reactive power. 
The winding losses in the machine are the only losses considered in our example: 


Lp = 3RI? +3R I? =3-0.018-(1204* +1218” + 236.37) 
=161.404-10° W =161.404 kW 


The active power P,” through the rotor slip-rings is as follows: 


PY = 3Re(V.I,") = 3-(-840— j111.24)(1218 + j2363) = -2.9905-10° W = -2.9905 MW 


r 


The mechanical power (Equation 1.36) is as follows: 


P= [sR? —3Re(V,I,° s)) 


a 2 -0.018(1218" + 2367) ” 2.995 -10° 


(1+0.25) =—15.39-10° W =-15.39 MW 
~0.25 0.25 


Checking the power balance Equation 1.37 shows the errors in our calculations (the losses in the 


machine are rather small at 1%): 


P+ P" =—-12.5—2.9905 = —-15.4905 MW 


The mechanical power P,, absolute value should have been larger than |P,+ P| by the losses in the 
machine. This is not the case, and care must be exercised when doing complex number calculations 
in order to be precise, especially for very high-efficiency machines. The computation of reactive 
power showed very good results because it has been rather large. Now, the megavoltampere (MVA) 
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rating of the rotor-side converter considered for S —0.25 and unity power factor in the 


stator is as follows: 


max 


Pt =,[P? +Q” = 2.9905? +1.01? =3.156 MVA (1.51) 


The oversizing of the converter is not notable for unity power factor in the stator. With a turn ratio 
a,,= 4/1, at S,,.q.= —0.25, the rotor circuit will be fed at about the rated voltage of the stator and 
at rotor current reduced by a,, time with respect to that calculated: 


v= =|V, la, = 4/8407 +111.242 -4= 3,389 V (1.52) 


"=| 1, |/a,, = 1218" + 236.37 /4= 310 A (1.53) 


It should also be noted that for overexcitation, when Yo>Y. and I, =1240.7 A>I,=1204A and 
the WRIG is used in a configuration with a large number of poles, the magnetization reactance 
decreases (in P.U.) notably, and thus, the reactive power requirement from the rotor is larger. 
Consequently, the static power converter connected to the rotor should provide for it, directly, 
if the latter also works at the unity power factor at the source side. The back-to-back (bidirec- 
tional) PWM voltage source converter seems to be fully capable of providing for such require- 
ments through the right sizing of the DC link capacitor bank. 


1.6 Operation at the Power Grid 


The connection of a WRIG to the power grid is similar to the case of an SG. There is, however, an 
exceptional difference: the rotor-side static converter provides the conditions of synchronization at any 
speed in the interval w,(1 + |S,,,,,|) and electronically brings the stator open-circuit voltages at the same 
frequency and phase with the power grid. In fact, the control system (Chapter 2) has a sequence for 
synchronization. Always successful, synchronization is feasible in a short time, in contrast to SGs, for 
which frequency and phase may be adjusted only through refined speed control by the turbine governor 
that tends to be slow due to high mechanical inertia. Furthermore, the WRIG may be started as a motor 
with the stator short-circuited, and then, above @,(1 — |S,,,,,|), the stator circuit is opened. Subsequently, 
the synchronization control may be triggered, and, after synchronization, the machine is loaded either as 
a motor (P, > 0) or as a generator (P, < 0) through adequate closed-loop fast control (Figure 1.12). 

Once connected to the power grid, it is important to describe its active and reactive power capabilities 
at constant voltage and frequency @, but at variable speed @, (and @,= @,— @,). 

To describe the operation at the power grid, the powers P, and P, vs. power angle, for given speed 
(slip) and rotor voltage are considered to be representative. To simplify the characteristics P,(d,,) and 
P.(6,,), the stator resistance is neglected. The power angle is taken as the angle between V, and V,, (in stator 
coordinates) (Figure 1.13). 


1.6.1 Stator Power vs. Power Angle 


The machine steady-state Equation 1.41 and Equation 1.42 with currents I, and I, for R,= 0 are as follows: 
V,=jo(LJI,+L,,1,) (1.54) 


V,=R1,+jSo(LI,+L,,1,)=V,(cosé+ jsind) (1.55) 
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FIGURE 1.12 Synchronization arrangement for wound rotor induction generator (WRIG): M — motor starting, O — 
synchronization preparation mode, and G — generator at power grid. 


ce S>0 
V,/V, increases 
5>0 
Y; 
P,,>0 
5+ 6,(S) 
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Motor | Sa.L 
V,/V, increases cos 6,(S) = ese 
0<8,(S) < n/2 R? + (S@L50)" 

tan 6,(S) = —— 
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T/2< 6,(S) <0 


FIGURE 1.13 Powers P., Q, vs. power angle 6+ 6,(S). 
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Eliminating J, from (1.54) yields the following: 


Eee L 
Rs iso [1, 4 I, =V,(cosd+ jsind)— SV, ™ (1.56) 


Ss Ss 


With BDL; 


(Vv, cosé—sV, 4#+ jV, sind |(R, - jS0,L,) 
R,+(So,L,.)” 


lsc 


I= (1.57) 


The stator active and reactive powers P,, Q, from Equation 1.54 are 


: VIA 

P+jQ =3VI, =3L,,—|——--I |=3— 
L, OL, 7 o,L, 

L (1.58) 
V, cosd-SV,—" — jV, sind |(R, + jS@,L,.) 

r cg i r r SC 

s 3 Im V 

R? + Sa7L? L s 


Ss 


Expression 1.59 becomes 


P =-3V,Y, 


Te Ly. 


1 3Se 


: 2: 
Lin sin(6+ 6, (S)) + 3V? re ; RS 
L. IR? +(S@L,)° Ree 


synchronous active power asynchronous active power (1.59) 


(P.) (P.,.) 


Q 


Ss 


, 3V? ’ (SOL YL. | L,,, cos(6+6,(S)) 
@L.|  [R°+(S@,L,)°]-L, “" L. IR? +(sa,L,)° 
asorbed reactive power synchronous reactive power (Q.,) (1.60) 
with short-circuited rotor (Q .) 


The resemblance to the nonsalient-pole SG is evident. However, the second term in P, is produced 
asynchronously and is positive (motoring) for positive slip and negative (generating) for negative slip. 
The first term in Q, represents the reactive power absorbed by the machine reactances. The angle 6, 
depends heavily on slip S and R;,: 


6,=0 for |S@,L.|>>R, (1.61) 
6, =4 for S=0 
2 
1 
O80 for S>0 (1.62) 


5 <5<0 for S<0 
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To bring more generality to the P, and Q, dependences on 6, we represent P,, Q, as a function of (6+ 6,(S)) 
(Figure 1.13). We may separate the two components in P, and Q,: 


feats. (1.63) 


Q.=Q,+Q, (1.64) 


P., and Q,, are dependent on (6 + 6,(S)), while P,, and Q,, are slip dependent only. 

The variable 6+ 6,(S) greatly simplifies the graphs, but care must be exercised when the actual power 
angle operation zone is computed. It is evident that for a voltage-fed rotor circuit — (V, 6) given — 
there is a certain difference between motor and generator operation zones, because the asynchronous 
power is positive (motoring) for S > 0 and negative (generating) for S < 0. 

The sign of S does not influence reactive power Q, (6 + 6,(S)), but again, 6,(S) depends on slip. To 
“produce” zero reactive power stator conditions, the rotor voltage ratio V,/V, has to be increased. 

The peak active power is larger in motoring for S > 0 (subsynchronous) operation and, respectively, in 
generating for S < 0 (supersynchronous). Notice that WRIG peak stator active power is determined by the 
short-circuit (@,L,.) rather than no-load (@,L,) reactance. However, as V,/V,« 1, the peak active power is 
not very large, though larger than in SGs in general. The electromagnetic power (R,= 0, P;,= 0) is as follows: 


(0) 
P =P=T— (1.65) 
So, the electromagnetic torque is strictly proportional to stator active power P, (for zero stator losses). 


1.6.2 Rotor Power vs. Power Angle 


The rotor electric active and reactive powers P,’, Q,’ are as follows: 


P+ jQ’=3V,1, (1.66) 


The rotor “produced” equivalent reactive power Q, seen from the stator (at stator frequency) is 


BVI 
Q = Imag : — (1.67) 


From Equation 1.55 and Equation 1.57, 


3V°R L,, S-sin(-6,) 


if r 1m 


= tt + 
" RP +(SQLY "* L, IR? 4 (50,1) 


se 


rotor copper losses synchronous rotor power (1.68) 


with shorted stator 


3V*S@,L L,, 8: cos(6-6,) 


Ios Im 


"OR? +Sa,P LR? 4(So,L,) 


reactive power absorbed synchronous reactive (1.69) 


with shorted stator rotor power 
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Similar graphs P "(6 —6,)andQ’(6 -6, )may be drawn by using these expressions, but they are of a 
smaller practical use than P, and Q.. They are, however, important for designing the rotor-side static 
power converter and for determining the total rotor electric power delivery, or absorption, during 
subsynchronous or supersynchronous operation. 


1.6.3 Operation at Zero Slip (S = 0) 
At zero slip, from Equation 1.62, it follows first that 6,= 7/2. Finally, from Equation 1.59 and Equation 1.60, 


bee 1 
P=-3VV —sin| 6+ (1.70) 
Ss Ss "RL. 2 
3V- OVW 1 
Q =—+--3=+" cos| 6+ (1.71) 
@l RL 2 


I V, (172) 
“a : 


Note again that the rotor voltage is considered in stator coordinates. The power angle (6+) is typical 
for SGs, where it is denoted by 6, (the phase shift between rotor-induced emf and the phase voltage). 
For operation at zero slip (S = 0), when the rotor circuit is DC fed, all the characteristics of SGs hold true. 
In fact, it seems adequate to run the WRIG at S = 0 when massive reactive power delivery (or absorption) is 
required. Though active and reactive power capability circles may be defined for WRIG, it seems to us that, 
due to decoupled fast active and reactive power control through the rotor-connected bidirectional power 
converters (Chapter 8, in Synchronous Generators), such graphs may become somewhat superfluous. 


1.7 Autonomous Operation of WRIG 


Insularization of WRIGs, in case of need, from the power grids, caused by excess power in the system or 
stability problems, leads to autonomous operation. Autonomous operation is characterized by the fact 
that voltage has to be controlled, together with stator frequency (at various rotor speeds in the interval 
[1+£|S,,ax{]), in order to remain constant under various active and reactive power loads. Whatever reactive 
power is needed by the consumers, it has to be provided from the rotor-side converter after covering the 
reactive power required to magnetize the machine. When large reactive power loads are handled, it seems 
that running at constant speed and zero slip (S = 0) would be adequate for taking full advantage of the 
rotor-side static converter limited ratings and for limiting rotor windings and converter losses. On the 
other hand, for large active loads, supersynchronous operation is suitable, as the WRIG may be controlled 
to operate around unity power factor while keeping the stator voltage within limits. Subsynchronous 
operation should be used when part loads are handled in order to provide for better efficiency of the 
prime mover for partial loads. The equivalent circuit (Figure 1.8) may easily be adapted to handle 
autonomous loads under steady state (Figure 1.14). 
For autonomous operation, the stator voltage V, is replaced by the following: 
ig 


=-(R, 07+ XX roag ls (1.73) 


s ‘Load 


In these conditions, retaining the power angle 6 as a variable does not seem to be so important. The 
rotor voltage “sets the tone” and may be considered in the real axis: V.=V.. Neglecting the stator 
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FIGURE 1.14 Equivalent circuit of wound rotor induction generator (WRIG) for autonomous operation. 


resistance R, does not bring any simplification, as it is seen in series with the load (Equation 1.73): 


[RFR ag FIX pag FX gE. = IX, I +1) = En, in) 


‘Load Load 


(1.74) 
(R, + jSX,)L, -V, =-j5X,, +L) =E nS In =1,+h, 


Both equations are written in stator coordinates (at frequency @, for all reactances). We may consider 
now the WRIG as being supplied only from the rotor, with the stator connected to an external impedance. 
In other words, the WRIG becomes a typical induction generator fed through the rotor, having stator 
load impedance. It is expected that such a machine would be a motor for positive slip (S > 0, @, < @,) 
and a generator for negative slip (S < 0, @, > @,). 

This is a drastic change of behavior with respect to the WRIG connected at a fixed frequency and 
voltage (strong) power grid, where motoring and generating are practical both subsynchronously and 
supersynchronously. 

By properly adjusting the rotor frequency @, with speed a, to keep @, constant and controlling the 
amplitude and phase sequence of rotor voltage V,, the stator voltage may be kept constant until a certain 
stator current limit, for given load power factor, is reached. 

To obtain the active and reactive powers of the stator and the rotor P,, Q,, P,, Q,’, solving first for the 
stator and rotor currents in Equation 1.74 is necessary. Neglecting the core loss resistance R,,, (Rin= 0) 
yields the following: 

Vv 


r 


(ee 
“RB _(S)+jX,(S) 


R ( = x +1 SX_X 1 
‘se x 
SX.R,+X,,R 
+ . 
Xe (1.75) 


Ri, = R, + Roads? Xi = x, +X 


loads 


X,=X,+X,,3 X, =X, +X 


Im 


The active and reactive powers of stator and rotor are straightforward: 


P= BE Re. >0 S<0 generating S>0 motoring 
(1.76) 


Q =31-X >0 


Loads 
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Also, I, from Equation 1.74 is 


1.77 
I, x, (1.77) 
P'+jQ’=3(V,-1,') (1.78) 
The mechanical power P,,, is simply 
1-S 2 
P =——|3RI°-P’ 1.79 
= [R17 P| (1.79) 
Q’-3(X)12 +X 1? +X, 1, )=Q (1.80) 


As the machine works as an induction machine fed to the rotor, with passive impedance in the stator, 
all characteristics of it may be used to describe its performance. The power balance for motoring and 
generating is described in Figure 1.15a and Figure 1.15b. 

Note that subsynchronous operation as a motor is very useful when self-starting is required. The 
stator is short-circuited (Rjjag = Xioad = 9), and the machine accelerates slowly (to observe the rotor- 
side converter P,,,, rating) until it reaches the synchronization zone @,(1 + |S,,,|). Then the stator 
circuit is opened, but the induced voltage in the stator has a small frequency. Consequently, the phase 
sequence in the rotor voltages has to be reversed to obtain @, > @, for the same direction of rotation. 
This is the beginning of the resynchronization control mode when the machine is free-wheeling. Finally, 
within a few milliseconds, the stator voltage and frequency conditions are met, and the machine stator 
is reconnected to the load. 

Induction motoring with a short-circuited stator is useful for limited motion during bearing inspec- 
tions or repairs. 


P (Motoring) pt 
load r 
(electric) (electric) 
Pin 
(mechanical) 1 2p 
osses 
(a) 
P (Generating) ‘i 

load a 

(electric) (mechanical) 


=p 


losses 


S,<0 


(electric) 


(b) 


FIGURE 1.15 Power balance: (a) S,> 0 and (b) S,< 0. 
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Autonomous generating (on now-called ballast load) may be used as such and when, after load 
rejection, fast braking of the mover is required to avoid dangerous overspeeding until the speed governor 
takes over. 

The stator voltage regulation in generating may be performed through changing the rotor voltage 
amplitude while the frequency @, is controlled to stay dynamically constant by modifying frequency @, 
in the rotor-side converter. 


Example 1.2 


For the WRIG in Example 1.1 at S = —0.25, f,= 50 Hz, I,= I,y/2 = 602 A, V,= V, 


rmax — Vs cos Q= 1, 
compute the following: 


+ The load resistance R,,,, per phase in the stator 

+ The load (stator voltage) V, and load active power P, 

+ The rotor current and active and reactive power in the rotor P, Q, 
* The no-load stator voltage for this case and the phasor diagram 


After the computations are made, discuss the results. 


Solution 


+ We have to go straight to Equation 1.75, with, R_= R,=0.018 Q, X, =X, = 0.018 Q, 
- X,,=1440, X,=X,=14.58Q, V,,,,. = 6000/3 V, $=-0.25, I, = 602 A, X,,,,=0 (cosp, = 1), 


where the only unknown is R,,,4¢: 


0.018 —0.25-14,88-14.88 
R,(S)= a ) = 3,6941.25-10-R, ‘ 
: 0.018 & 14.4 e 


14, 14.58-0.018 
8 Ra ) _ 3.5938 0.253-R, 


X (S)=| -0.25-— "+ 
# 0.018 14.4 


g 6000//3 
R,(S)+5X,(S)  (3.69+1.25-10° R,,, )— j(3.594-+0.253R,,,.) 


1, = 602 


Ss 


Consequently, Ronas ~ 3-276 Q. 
* The stator voltage per phase V, is simply (cos@, = 1). 


(V.) ce = Rigag 1, = 3276-602 = 1972 V 


s/ phase load 


I? =-3-3.276-6022 =-3.5617 MW 


loads ~ s 


P=-3R 


* The rotor current (Equation 1.77) is 


I = j (R, + Roads + Lene 
> Xun 
with I, = 602-(0.641+ j0.767) 
So, 
(0.018 + 3.276 + j14.58 : ° 
I=j ( aa Jj ) -602-(0.641+ j0.767) = 624.86677"” 
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The active and reactive powers in the rotor are as follows: 


6000 


V3 


So, the rotor circuit absorbs reactive power to magnetize the machine, but it delivers active power, 


P' + jQ' =3V.I) =3-——-624(-0.79 + j0.6018) =-5.116 MW + j3.907 MVAR 


together with the stator. The mechanical power covers for all losses in the machine and produces 
both P, and Q,: 


P -Xp=|P. +P |=-3.5617-5.116=-8.6777 MW 
The losses considered in our example are only the winding losses: 
Lp =3R I? +3R I,’ =3-0.018-(602” + 624.86") = 40.654 KW 
So, the mechanical power is as follows: 
P, =8.6717 + 0.04654 = 8.712 MW 


+ The no-load voltage in the stator for the above conditions is simply 


E., = x I > I, = I, ay I, 


Lm’ m 
I, = 602.50.13° + 624.86.2217° = —107.75+ j85.69 
This is the magnetization current for the airgap flux: 
E, =X,,1,, =14.4:137.669 = 1982.4 V 
The voltage regulation is very small: 


_E,,—V, _ 1982.4—-1972 
V, 1982.2 


AV = 0.5246% 


The current and voltage phasors are shown in Figure 1.16. 


Discussion 


To force the delivery of notable active power from the machine, we considered 
V nae = V, = 3.468 V; the trouble is that V, is reduced to the stator, and thus, for our case, when 


the turns ratio is defined by 1/S,,,.= 4.0, the actual rotor voltage meant by V, = V, would, in 
fact, imply V’ = 4.0 V, = 4.6000/,/3 = 13.872 kV/phase. 


In contrast, when the same machine (Example 1.1) delivered the power P =12.5 MW through the 
stator (rated) plus 2.99 MW through the rotor at S=—0.25, f =50 Hz, the rotor voltage V, was only 
V,= 847 V. With the same rotor/stator turn ratio of 4.0, the actual rotor voltage would be, in this latter 
case, Vv" = 847-4 = 3388 V, which is very close to the rated stator voltage, as intended from the start. 
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FIGURE 1.16 Phasors for autonomous wound rotor induction generator (WRIG) operation at S =—0.25, f,= 50 Hz. 


To reduce the rotor output power and voltage V, and increase the stator output, the slip has to be reduced 
drastically. Let us consider I’ = 700 A and V,= 847 V (as it was in Example 1.1) but for S=—0.05. Repeating 
the calculations as above, we obtain Reads ~ 9-734 Q. The stator voltage V/ is as follows: 


V’=I'R_ ,=700-5.734=4.0 kV/phase 


$ s- load 


The stator power P =-3R,,_,-I? =3V/I’ =3-4-10°-700=-8.40 MW. 


The stator and rotor currents are thus, 


Vv 847 


r 


IT = 
~~ R(s)+4X,,(s) 0.7535— j0.9887 


R.+R, ,+jX 
pers S load J ) 
7 7 Xin 
: . (0.018 + 5.7344 714.4 
= 847 - (0.6064 j0.795):j- io re 44) _ 9112200. 


The rotor electric power is 


P+jQ' =3V,I," =3.847-9112159.6 =—2.381 MW + j0.806 MVAR 


Again, the reactive power in the rotor is absorbed by the machine for magnetization, while reasonable 
power is delivered by the rotor. The problem is that for f,= 50 Hz and S = —0.05, the speed we are 
talking about is @, = @,(1—s)=1.050,. 


Should the speed be large, say corresponding to S = —0.25, the power delivered at maximum rotor 
voltage (874 V when stator is reduced and 847 x 4 = 3388 V in reality), should be notably smaller 
than the value calculated; in fact, 16 times smaller. 


The low reactive power required is due to the fact that the machine was designed with a high 
magnetization reactance (in P.U.; x,,,= 5), and the slip is now reasonable (S$ =—0.05). 
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FIGURE 1.17 Wound rotor induction generator (WRIG) as brushless exciter. 


1.8 Operation of WRIG in the Brushless Exciter Mode 


With a brushless exciter, the power is delivered through the rotor, after rectification, to the excitation 
circuit of a synchronous generator (Figure 1.17). The commutation in the diode rectifier causes harmonics 
in the rotor current, but for its fundamental, the power factor may be considered as unity. The diode 
rectifier commutation causes some voltage reduction as already shown in Chapter 6 in Synchronous 
Generators (the paragraph on excitation systems). 

The rotor rotates opposite to the stator mmf, and thus, 


0,=0,+@,>@, (1.81) 


The frequency in the rotor is at its minimum at zero speed and then increases with speed. If the WRIG 
is provided with a number of poles that is notably larger than that of the SG, then the frequency @, 
would be larger than @;: 


f 
@, = @, +27 p,; Las (1.82) 


& 


with p,-pole pairs in the SG with excitation that is fed from the WRIG exciter: 


0, =0, 14 Pe (1.83) 


P, 


The larger p,/p, the higher the rotor (slip) frequency; with p,/ P,=34 good results may be obtained. The 
WRIG-exciter is supplied through a static variac at constant frequency @,, so the converter’s cost is low. 
The machine equations (Equation 1.42) remain valid, but we will use @, instead of S@,: 


LR,-V,=-jo,¥,=—jo(L,1,+L,,1,) 
(1.84) 
LR,+V, =—jo,¥, =-jo,(L,1,+1,,L.) 


Im=s 


The speed @, is now negative (@,< 0), that is, @, > 0 and @,> 0. The slip S=@,/@, >1. 
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We already used the positive sign (+) on the left side of rotor equation to have positive power for 
generating. Also, for simplicity, a resistance load will be considered: 


V.=1-R (1.85) 


Sr ~ =r’ “adr 


The Equation 1.84 with Equation 1.85 may be solved simply for stator and rotor currents: 


jI,.(R.+j@,L +R 
y= JE f: J Def ‘oads ) (1.86) 
o,L,, 

7 ¥, (1.87) 

“F(R +R, +jo,L,)(R.+jo,L : 

js $ load J 2 Bi '$ J 1 Oy oL,, 
o,L,, 
The electromagnetic torque T, is 

T, = 3p,Reall j¥.1,")=3p,L,,,Real( j1,1,’) (1.88) 


At zero speed, the WRIG-exciter works as a transformer, and all the active and reactive power is 
delivered by the stator. When the speed increases — with resistive load in the rotor circuit — the stator 
“delivers” the reactive power to magnetize the machine and the active power to cover the losses and some 
part of the load active power. 

The bulk of the active power to the load comes, however, from the mechanical power P,,. The higher 
the ratio @,/@,, the higher the P,, contribution to P, (rotor-delivered active power). 


Example 1.3: WRIG as Brushless Exciter 


Consider a WRIG with the main data: R, = R. =0.015 P.U., L,=L,=0.14 P.U,, Li, =3 PU.,Vsyr= 440 
Vistar), I,,,=1000 A, the frequency f, =60 Hz, and the rotor speed n, =1800 rpm. The number of 


SN 
pole pairs is p, =6. The rotor-to-stator turns ratio is a, =1. Determine the following: 


+ The rotor frequency f,(@,) and the ideal maximum no-load rotor voltage 

* The rotor-side load resistance voltage, current, power P,, at zero speed, and J, = 1000 A in the rotor 

+ The required stator voltage, current, and input active and reactive powers P,, Q,, for the same load 
resistance Rj,,q and current load I, =1000 A,but at n,, =1800 rpm 


Solution 


+ The rotor-side frequency f,(@,) is simply as follows (Equation 1.82): 


2mn 270- 180..6 
wot -[\+ 0 |= 40, 


ae 2760 


1 


So, f,=4f, = 240 Hz. 


The ideal no-load rotor voltage A (unreduced to the stator, for full stator voltage at speed ny), is 
as follows: 


@ 4 - 
Vi =a,-V,-—=1-440- :F 1760 V (line voltage, RMS) 
@. 


1 
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The rotor circuit might be designed to comply with this voltage during an excitation 4/1 forcing. 
At zero speed (@,= @,), the ideal rotor voltage would be 


r o, 1 
(Vi) =4,°V,-—b=1-440-— = 440 V 
9 / stall Let : (a) 1 


1 


* The machine parameters in Q (all reduced to the stator) are as follows: 


see VowlN3 _ (4404/3) 


: = 0.2543 Q 
Ts 1000 
So, 
R,=R.=(R.)py -X, =0.015-0.2543 = 3.8145-10° Q 
x 0.2543 5 
LS hs (X -—t =0.14-—— =9.45:10° H 
sl rl ( eae 0, 2760 
x 0.2543 3 
Lo =(X -—t=3- = 2.0247-10~° H 
lm ( lm Pee Oo 2760 


At zero speed, @,= @,, the rotor current I, may be calculated from the following (Equation 1.87): 


IN: 
(R,+R aq ti@zL, (R,+jO,L, ) 


Gian = 
aes <+ j0,L 


OLin Im 


(440//3) 


(3.814510 +R, +j2-60-2.119-10°)(3.8145-10 3 +j27-60-2.119-10> 


+ j2m-60- 2.0247 -107 


260-2.0247:10> 
Finally, 
Rua = 0.226 Q 


So, the rotor voltage V, (reduced to the stator) is 


V =R, a1, = 0.226 1000 = 226 V 


r load 


For voltage regulation, 


_V.-V, _ 254-226 
Vv 254 


Ss 


AV 


=0.1102=11.02% 


The large leakage reactances of the stator and the rotor are responsible for this notable voltage drop 
(notable for a transformer or an induction machine, but small for an SG of any type). 
The rotor-delivered power P, is as follows: 


P =3V.-I, =3x220-1000=678 KW 
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+ Now, we make use of Equation 1.87 to calculate the stator voltage required for I,= 1000 A, with 


Vel 


—s =r 


: (R, As Rade + jo,L,) : (R, + jOLL,,,) 
o,L,, 


ae (0.0038145 + 0.226 + j-27-240-2.119-10~)(0.0038145 + j-27-60-2.119-107) 
‘ 2m -240- 2.0247 -107 
+27- 60-2.204-107 
V =1000j-(—0.0721+ 0.06406) = -64.06 — j72.1 


—s 


V_ = 96.8 V(RMS per phase) 


The stator J, from Equation 1.86 is 


(R, + j@,L, + Riyg) _ , 1000 (0.02298 + 73.1938) _ 


o,L 3.0516 


21m 


1046.6+ j75.3; I, =1049.3 A>I_ 


The stator active and reactive powers are as follows: 


P + jQ.=3V, I. =3-(64.06 — j72.1)-(-1046.6 — j75.3) 


P =184.752 KW, Q =240.751 KVAR 


The delivered electric power through the rotor P, is still 678 kW, as the load resistance and current 
were kept the same, but most of the power now comes from the shaft as P, « P,. 
A few remarks are in order: 


+ As the machine is rotated, less active power is delivered through the stator, with much of it 
“extracted” from the shaft (mechanically). This is a special advantage of this configuration. 

+ With the machine in motion (@,= 3@,), the required stator voltage decreases notably. A static 
variac may be used to handle such a 1/5 voltage reduction easily. 

+ The machine magnetization is provided by the stator, and because @, = 4@,, the power factor 
in the stator is poor. 

+ The magnetization by the stator is also illustrated by I,> I,. 

* The stator voltage reserve at full speed may be used for forcing the excitation (load) current in 

the supplied synchronous machine excitation, but, in that case, the rotor voltage would increase 

above the rated value (440 V root mean squared [RMS]/line). The rotor winding insulation 

and the flying diode rectifier have to be sized for such events. 

The capability of the WRIG to serve as an exciter from zero speed — demonstrated in this example 

— makes it a good solution when the excitation power is required from zero speed, as is the 

case in variable-speed large synchronous motors or generators. 


* The internal reactance of the WRIG is important to know in order to assess voltage regulation 
and to model the machine with rectified output. 

+ To emphasize the “synchronous” reactance of WRIG as an exciter, the stator current is eliminated 
from the stator equation by introducing the stator flux 'Y, : 


i 
serge eae (1.89) 
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The rotor equation (Equation 1.84) may be written now as follows: 


iL 
V, =— jo, 2 ¥,-(R, + j0,L,)L,=E,— Ze, (1.90) 


Ss 


Zee = Rt jo,L,, (1.91) 


The term Z,,. represents the internal (synchronous) impedance of WRIG as an exciter source. 
The first term in Equation 1.90 is the emf E, : 


L 
E,=-jo,—¥, (1.92) 
L, 
The stator flux may be considered variable, with stator voltage as follows (R,= 0): 
—jo,¥.=V, (1.93) 
Consequently, 
VLo 
E =" (1.94) 
" Lo, 


An equivalent circuit based on Equation 1.90 and Equation 1.94 may be built (Figure 1.18). 

Basically, the emf E, varies with a, (that is, with speed for constant @,) and with the stator voltage V,. 

The “synchronous” reactance of the machine is, in fact, the short-circuit reactance. 

So, the voltage regulation is reasonably small, and the transient response is expected to be swift; a 
definite asset for excitation control. 

As the frequency in the rotor is large (@, > @,), the core losses in the machine have to be considered. 

One way to do this is to “hang” a core resistance R,, in parallel with the emf E,, R;, may be taken 
as a constant, to be determined either from measured or calculated core losses P;,: 


72. 
E 


P= (1.95) 


Fe 


FIGURE 1.18 Equivalent circuit (phase) for wound rotor induction generator (WRIG) as an exciter source. 
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1.9 Losses and Efficiency of WRIG 


The loss components in WRIG may be classified as follows: 


+ Stator-winding losses 
* Stator core losses 
* Rotor-winding losses 
* Mechanical losses 


The stator-winding losses are due to alternative currents flowing into the stator windings. With constant 
frequency (f,= 50 (60) Hz), only in medium and large power machines is the skin effect important. 
Roebel bars may be used in large power WRIGs to keep the influence of the skin effect coefficient below 
0.33 (that is, 33% additional losses): 


Pegg = 31 (Ry (1+ Ki} (1.96) 


In the rotor, the frequency f, = Sf, and with WRIGs, || < 0.3f,. The rotor-to-stator turn ratio q,, is 
chosen to be larger than 1(4,,= 1/|S;ax|) for low stator voltage WRIGs (up to 2 to 3 MW) and, in this 
case, the skin effect in the rotor is negligible. 

However, in large machines, as the rotor voltage will probably not go over 4 to 6 kV (line voltage), 
even in the presence of specially built slip-rings, the rotor currents are large, in the range of thousands 
of amperes, again, transposed conductors are needed for the rotor windings. There will be some skin 
effect, but, as the rotor frequency |f,| < 1/3f,, in general, its influence will be less important than in the 
stator (Kyi, < Kyi, < 0.3): 

Poy = 34, (R,) (+ Ki) (1.97) 


skin 


For details on skin effect, see Chapter 7 in Synchronous Generators. 
The fundamental stator core and rotor core losses may be approximated by an aggregated core-loss 
resistance R;,: 


R,,= R,,,(@,)+ R,,,(@,) (1.98) 
This is exposed to the airgap emf E,,,: 
E,, am —jX,,1,,3 1, = I, + I, (1.99) 
So, 
3(X,,1,,). (1 100) 
P es * 

s R,,(@,) 

3(X_ 1) 
Pr XL) (1.101) 

. Re: (@,) 


The values of stator and rotor core loss resistances R;, and R;,, may be obtained through experiments or 
from the design process. 

When |@,| < @,, the rotor core losses are definitely smaller than in the stator. This is not so when the 
WRIG is used as an exciter (|@,| » @,), and thus, even though the rotor core volume is larger in the stator, 
the rotor core losses are larger. 

Additional losses occur in the stator and rotor windings in relation to the circuit time harmonics due 
(mainly) to the static power converter connected to the rotor. They are strongly dependent on the PWM 
strategy and on the switching frequency. 
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Additional core losses occur due to space and time harmonics in the mmf of stator and rotor windings, 
in the presence of double slotting. Current time harmonics bring additional core losses. 

The additional space harmonics core losses occur on the rotor and stator surface toward the airgap. 
Generally, only the first slot harmonics v, = “+1, Vi= => +1, as influenced by the corresponding first- 
order airgap magnetic conductance hatenonics are considered to produce surface core losses that deserve 
attention [2]. Current time harmonics, on the other hand, produce additional core losses mainly along 
a thin layer along the slot walls. 

Mechanical losses include ventilator (if any) losses, bearing-friction losses, brush-friction losses, and 
windage losses (P,,,..): 

P+P_— PB+P 
- Po P+P+%p 


(1.102) 


2D = Diss Dace Pic TP, + Prue F Py 


For generating, P,, in Equation 1.102, is always considered positive (delivered), while P, is positive (delivered) 
for supersynchronous operation, and P,< 0 (absorbed) for subsynchronous operation. P,,, is the mechanical 
(input) power. The slip-ring losses are denoted by p,, and the strayload losses are denoted by p,. 

For details on efficiency (through iso-efficiency curves), see Reference [9]. 


1.10 Summary 


WRIGs are provided with three-phase AC windings on the rotor and on the stator. WRIGs are 
also referred to as DFIGs or DOIGs. 

WRIGs are capable of producing constant frequency (f,) and voltage stator output power at 
variable speed if the rotor windings are controlled at variable frequency ( f,) and variable voltage. 
The rotor frequency f, is determined solely by speed n (rps) and f= f,—- np; p, equals the 
number of pole pairs; and p, is the same in the stator and in the rotor windings. 

WRIGs may operate as both motors and generators subsynchronously (n < f,/p,) and supersyn- 
chronously (n > f,/p,), provided the static power converter that supplies the rotor winding is 
capable of bidirectional power flow. 

The slip is defined as S = @,/@, = f,/f, and is positive for subsynchronous operation and negative 
for supersynchronous operation, and so is f,. Negative f, means the opposite sequence of phases 
in the rotor is followed. 

WRIG is adequate in applications with limited speed control range (|S 
rating of the rotor-side static converter is around P.,|S 


‘nax| < 0-2 to 0.3), as the 
max Where Py is the rated stator power. 
The electric power P, in the rotor is delivered for generating in supersynchronous operation and 
is absorbed in subsynchronous operation: P, =~ P*S. The total maximum power P, delivered 
supersynchronously is thus, 


te fa 7g [aD 


* Consequently, in supersynchronous operation, the WRIG can produce significantly more total 
electric power than the rated power at synchronous speed (S = 0). 

* WRIG may also operate at synchronism, as a standard synchronous machine, provided the rotor- 
side static power converter is able to handle DC power. Back-to-back voltage source PWM converters 
are adequate for the scope. It may be argued that, in this case (S= 0), a WRIG acts like a damperless 
SG. True, but this apparent disadvantage is compensated for by the presence of fast close-loop 
control of active and reactive power, which produces the necessary damping any time the machine 
deviates from synchronism. WRIG is also adequate to work as a synchronous condensator and 
contribute massively, when needed, to voltage control and stability in the power grid. 


© 2006 by Taylor & Francis Group, LLC 


Wound Rotor Induction Generators (WRIGs): Steady State 1-35 


* WRIG has laminated iron cores with uniform slots to host the AC windings. Integer q (slots/pole/ 
phase) windings are used. Open slots may be used only on one side of the airgap. Axial cooling 
unistack cores are now in use up to 2 to 3 MW, while axial-radial cooling multistack cores are 
necessary above 3 MW. 

+ To avoid parasitic synchronous torque, it suffices to have different numbers of slots in the rotor 
and the stator. With large q and chorded coils, the main mmf harmonics are reduced and also 
reduced are their asynchronous parasitic torques. 

+ The rotor-to-stator turn ratio a,, may be chosen as unity, but in this case, a voltage matching 
transformer is needed between the static converter in the rotor and the local power grid. Alter- 
natively, a,,= 1/|S,,a| > 1 when the transformer is eliminated. 

* A WRIG may be magnetized either from the stator or from the rotor, so the magnetization curve 
may be calculated (or measured) from both sides. 

+ When the reactive power is delivered through the rotor (overexcitation), the stator may operate 
at the unity power factor. The lagging power factor in the stator seems to be a moderate to large 
burden on the rotor-side static converter kilovoltampere rating. 

* A minimum kilovoltampere rating of the rotor-side static power converter is obtained when the 
stator power factor is leading (underexcitation ¥ <‘¥ _).‘¥, and, are, respectively, the rotor and 
the stator flux linkage amplitudes per phase. 

* For operation at the power grid, synchronization is required. However, synchronization is much 
faster and easier than with SGs, because it may be performed at any speed @ >@,(I-|S__. |) by 
controlling the rotor-side converter in the synchronization mode to make the power grid and 
stator voltages of the WRIG equal to each other and in phase. The whole synchronization process 
is short, as the rotor voltage and frequency (phase) are controlled quickly by the static power 
converter without any special intervention by the prime mover’s governor. 

+ The values of active power and reactive powers P,, Q,, P,, Q, vs. the rotor voltage (power) angle 
6 are somewhat similar to those in the case of cylindrical rotor SGs, but additional asynchronous 
power terms are present, and the stable operation zones depend heavily on the value and sign of 
slip (Figure 1.12). However, the decoupled active and reactive power control (see Chapter 2) 
eliminates such inconveniences to a great extent. 

+ The peak value of synchronous power components in P,, P., for constant rotor flux, depend on the 
short-circuit reactance (impedance) of the machine. Voltage regulation is moderate, for the same reason. 

+ The reactive power Q,", absorbed from the rotor-side converter at f, = S,f, frequency, is “magnified” 
in the machine to the frequency f,, Q.= Q,'/|S|, as it has to produce the magnetic energy stored 
in the short-circuit and magnetization inductances. Operation at unity power factor in the stator 
at full power leads, thus, to a moderate increase in rotor-side static converter kilovoltampere rating 
for |Sjraxl < 0.25. 

* The WRIG may also operate as a stand-alone generator. It was demonstrated that such an operation 
is preferred for low reactive power requirements at low negative slips. Constant frequency, constant 
voltage output in the stator with autonomous load does not seem to be advantageous when the 
speed varies by more than +5%. Ballast loads may be handled at any speed effectively, at smaller slip. 

+ With the stator short-circuited, the WRIG may be run as a motor to start the prime mover, say, 
for pumping in a pump-storage plant. 

* After acceleration to @, >@, -(I-|S__. |), the stator circuit is opened, the sequence of rotor voltages 
is changed, and their frequency f, and amplitude are reduced to produce the conditions necessary 
for quick stator synchronization. After that, motoring or generating operation is commanded 
subsynchronously or supersynchronously. 

+ The WRIG may operate in the brushless exciter mode to produce DC power on the rotor side 
with a diode rectifier and thus feed the excitation of a synchronous machine from zero speed up 
to the desired speed. 

+ The stator is supplied through a static voltage changer (soft starter type) at constant frequency 
@,, while the rotor moves such that the rotor frequency @, = @,+|@, |>@,. With a= 3,4, good 
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performance is obtained. In all situations, the magnetization (reactive power) is delivered through 
the stator, but most of the load active power comes from the shaft mechanical power, and only a 
small part comes from the stator. At zero speed, however, all the excitation power is delivered by 
the stator, electrically. 

+ When the speed increases, for constant rotor voltage, the stator voltage of the WRIG exciter is 
reduced considerably. So, there is room for excitation forcing needs in the SG, provided the WRIG 
exciter insulation can handle the voltage. The internal impedance of WRIG for brushless exciter 
mode is, again, the short-circuit impedance. Thus, the commutation of diode reduction of the 
DC output voltage should be moderate. 

* Besides fundamental winding and core losses, additional losses occur in the windings and magnetic 
cores of WRIGs due to space and time harmonics. 

+ The WRIG was proven to be reliable for delivering power at variable speed with very fast decoupled 
active and reactive control in industry up to 400 MW/unit. It is yet to be seen if the WRIG will 
get a large share in the electric power generation of the future, at low, medium, and high powers 
per unit. 
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2.1 Introduction 


Wound rotor induction generators (WRIGs) are used as variable-speed generators connected to a strong 
or a weak power grid or as motors in the same conditions. Moreover, WRIGs may operate as stand-alone 


generators for variable speed. 


In all these operational modes, WRIGs undergo transients. Transients may be caused by the following: 


+ Prime mover torque variations for generator mode 
+ Load machine torque variations for motor mode 
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2-2, Variable Speed Generators 


+ Power grid faults for generator mode 
+ Electric load variations in stand-alone generator mode 


During transients, in general, speed and voltage, current amplitudes, power, torque, and frequency 
vary in time, until eventually, they stabilize to a new steady state. 

Dynamic models for typical prime movers (Chapter 3, Synchronous Generators), such as hydraulic, 
wind, or steam (gas) turbines or internal combustion engines, are needed to investigate the complete 
transients of WRIGs. 

An adequate WRIG model for transients is imperative, along with close-loop control systems to provide 
stability in speed, voltage, and frequency response when the active and reactive power demands are varied. 

Typical static power converters capable of up to four-quadrant operation (super- and undersynchro- 
nous speed) also need to be investigated as a means for WRIG control for constant stator voltage and 
frequency, for limited variable speed range. 

Vector or direct power control methods with and without motion sensors are described, and sample 
transient response results are given. Behavior during power grid faults is also explored, as, in some 
applications, WRIGs are not to be disconnected during faults, in order to contribute quickly to power 
balance in the power grid right after fault clearing. Let us now proceed to tackle the above-mentioned 
issues one by one. 


2.2 The WRIG Phase Coordinate Model 


The WRIG is provided with laminated stator and rotor cores with uniform slots in which three-phase 
windings are placed (Figure 2.1). Usually, the rotor winding is connected to copper slip-rings. Brushes 


FIGURE 2.1 Wound rotor induction generator (WRIG) phase circuits. 
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on the stator collect (or transmit) the rotor currents from (to) the rotor-side static power converter. 
For the time being, the slip-ring—brush system resistances are lumped into rotor phase resistances, and 
the converter is replaced by an ideal voltage source. 

As already pointed out in Chapter 1, the windings in slots produce a quasi-sinusoidal flux density 
distribution in the rather uniform airgap (slot openings are neglected). Consequently, the main flux 
self-inductances of various stator and, respectively, rotor phases are independent of rotor position. 
The stator—rotor phase main flux mutual inductances, however, vary sinusoidally with rotor position 6,,. 
The mutual inductances between stator phases are also independent of rotor position, as the airgap 
is basically uniform. The same is valid for mutual inductances between rotor phases. When mention- 
ing stator and rotor phase and leakage inductances, all phase circuit parameters are included, with 
the exception of parameters to account for core losses (fundamental and strayload core losses). 
Winding strayload losses are basically caused by frequency effects in the windings and may be 
accounted for in the phase resistance formula. So, the phase coordinate model of WRIG is straight- 
forward: 


d av 

CR4VS-——* TR4V =--——= 

s a dt arr ar dt 

d¥ d¥ 

I,R,+V, = rs LR, +V,, = ae aA) 
d¥. 

tR4+Ve=—= 12 4V =-—= 

Cos c dt corr cr dt 


The stator equations are written in stator coordinates, and the rotor equations are written in rotor 
coordinates, which explains the absence of motion-induced voltages. Generator mode association of 
voltage signs for both stator and rotor is evident. So, delivered electric powers are positive. 

We may translate Equation 2.1 into matrix form: 


: d | Fabel 
Tabe,a,b,¢, | iB ibe. |+ | V ache | = dt (2.2) 
| Date | = Diag | R, RK, 4 R. 2 RI" 2 RI" a RI! | 
-_ i, r T 
| Vacs | as Diag | v, ViVoV,, Vy Ve | 
(2.3) 
| T wade, | 7 Diag | I, > I, 2. 8 2 iy * Li 2 el 
= ag 
| S oats | a Diag | oe ? ¥, ye ed Py, 2 Te | 
The relationship between the flux linkages and currents is expressed as follows: 
| abca,b, sc, | = | L inca je (,,) | i tea, (2.4) 
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Liveabyc, (6, ) — 
i. b Li. ro se 
L, +L, > 3 Mcos@,, M cos(0,, + 2f) Mcos(6,, = “f) 
~ 5 L,+L,, te M cos(0, - 28. ) Mcos0, M cos( 6+ 2f) 
ts = eis: Mcos(@,,+22) Mcos(9,-2) — Mcos0, 
L L 
Mcos 6, M cos( Lo 2) M cos(0, + 2) L,+L,, - 5 sare 
2n es atte hy 
M cos(0,, +3 ) Mcos@,, M cos(0,, 3 ) 5 L,+L,, - 
ae 26 20 — ey = L, 
| M cos( Loe ) Mcos(6, +3 ) Mcos6,, ; 5 L,+L,, 
(2.5) 


The constant mutual inductances on the stator and on the rotor are —L,,/2 and —L,,/2, because they 
are derived from L,,.cos = and, respectively, L,, cos 2B on account of assumed sinusoidal winding (induc- 
tance) distributions. The electromagnetic torque may be derived from Equation 2.2 after multiplication 
bY (tabea,b,c,) by using the principle of power balance: 


d/l 
— 2 Ep 
| V bcarbic | : | ae | > IR oti : | Lge | ~ dt 2 | abcarbrer | abcarbrer (6, a 


(2.6) 
1 


Es 2 | abcarbrer 


a 
6, 


dé 


abcarbrer | ene | a 


The “substantial” (total) derivative d/dt marks the second term of Equation 2.6, which represents the 
stored magnetic energy variation in time, while the third term is the electromagnetic (electric) power 
Py» Which crosses the airgap from rotor to stator or vice versa. 

The first term in Equation 2.6 is the winding losses. P,,,,, should be positive for generating: 


l T qd @, a0., 
elm a abea,b,¢, dé. BoeaD Ge (0,,) Tove, ae Z P, ie dt ve 


For generating, with P.,,,,> 0, the electromagnetic torque T, has to be negative (for braking the rotor): 


dL (Ce) 
D, Tr abea,b.c, \~ er 
T, = Hay T bea b,c do abea,b,c, (2.8) 
The motion equations are as follows: 
do, a6... 
“dt = se aa dt = a, (2.9) 


with T,< 0 and T,,,.,,> 0 for generating, and T,> 0, T,,,..,< 0 for motoring. An eighth-order system of 
first-order differential equations was obtained. Some of its coefficients are dependent on rotor position 
6,,, that is, in time. 

Such a complex model, where, in addition, magnetic saturation (implicit in L,,, L,, and M) is not easy 
to account for, is to be used mainly for asymmetrical (unbalanced) conditions in the power supply, in 
the static power converter, or in the parameters (short-circuited coils in one phase or between phases). 
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2.3 The Space-Phasor Model of WRIG 


For stability computation or control equation system design, the phase coordinate (variable) model has 
to be replaced by the now widely accepted space-phasor (vector, or d—q) model obtained through the 
modified Park complex transformation [1]: 


- 2 gee 5 Sey 
JsL Wijk: Se \igeue. ee e% 
3 a b c 


35 2 Qn _ Qn (2.10) 
ion et —2(i, ripe 41,6" Jew 
Ir qr 3\a br cr 


The same en open on in general orthogonal coordinates, rotating at the general electric 
speed @, =-,", is valid for voltages and flux linkages V; , V, , ‘Y; , ‘¥,. The space phasors represent 
the tives ace induction machine (IM) completely, only if one more variable component in the stator 
and in the rotor are introduced. This is the so-called zero sequence (homopolar) component: 


= +i, +7.) 
(2.11) 


or 


1Ge> ee 1s 
I= 3 lar +i, +i,) 


The zero sequence component, which is inherent to the dq0 model (see Chapter 6, in Synchronous 
Generators) is independent from the others and does not, in general, participate in the electromagnetic 
power production. 

The inverse transform is as follows: 


ans 
i,(t)= ReallI, e*|+I, (2.12) 


Oy lee 
i (t)=ReallI, el %) 


+f (2.13) 


or 


To proceed from the phase-coordinate (variable) to the space-phasor model, let us first reduce the 
rotor to stator variables: 


(2.14) 


The transformations in Equation 2.14 “replace” the actual rotor winding with an equivalent one with 
the same number of turns and slots as that of the stator, while conserving the losses in the windings, the 
rotor electric power input, and the magnetic energy stored in the leakage inductances. 
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By applying the space-phasor transformations, after the reduction to stator variables, we simply obtain 
the voltage currents and flux/current relations for the space-phasor model: 


I.R +V, = —jo,¥; 
° apo 
- os ay, = 
IR+V; =— — j(@, — @, Ps 
dt (2.15) 
¥. = L, I. L, i L, = L, + L3 L, = =L, 


W=Lit+L,I53 L,=L,+L, 


The torque may be derived through the power balance principle, either from the stator or from the 
rotor equation: 


> Reai(1'V. |= SRT? Real a7 a Real > ia, Is (2.16) 
2 eed 2 dt 2 


The electromagnetic power is represented by the last term: 


o, 3 — <x 
Py =-0, =F, imag] WaT (2.17) 
P, 2 
So, the electromagnetic torque is 
3 ae We : : 3 . ; 
T= ah Imag| ‘VsIs |= 5 PCY ,i, Vig) = 5 PAE ate = ts) (2.18) 


Again, T, < 0 for generating. The factor 3/2 stems from the complete power balance between the three- 
phase machine and its space-phasor model. The superscript b has been dropped for simplicity in writing. 

The motion equations are the same as in Equation 2.9. The space-phasor model is to be completed 
with the zero sequence equations that also result from the above transformations: 


di 
TR, + Vi; i Ll, 7" 
(2.19) 


di 
LR+V,=-L,— 
ro fr ro Tl dt 


The zero sequence is irrelevant for the power transfer by the magnetomotive force (mmf) fundamental, 
but it produces additional stator (rotor) losses. For star connection or for symmetric transients or steady- 
state modes, they are, however, zero, as the sum of the phase currents is zero. The instantaneous active 
and reactive powers P,, Q,, Ps Q, from the stator and the rotor are as follows: 


Ss 


p= Seal 7.7. 12 elu }=3) Wy +i )+2Real{7.1.)| 
2 2 944 


3 SAS es 3 . ; ae 
Q, =F tmas{ V7. +2V oTo}=3|(V,i,-V,4)#21m09{ Vale] 
(2.20) 


r dr dr 


pr=3reai{ Weir +2V ole }=3| Vyig ~Vyig)#2 Rea Van 
ee eae ee ee a 
Q’=—Real] V, I, +2Violr — (Vi —V, ty) + 2 Imag Volto 


2 dr qr 
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2.4 Space-Phasor Equivalent Circuits and Diagrams 


The space-phasor equations (Equation 2.15 and Equation 2.19) may be represented in equivalent circuits 


that use any combination of two variables from Y;,I,,¥,,I-, with the other two eliminated, based on 
flux/current relationships (Equation 2.15). Current variables are typical: 


W, =, +L, 153 Poe Shs +I,) 


a ee Nee ee (2.21) 
W=bntLiey [etl =In 
Consequently, Equation 2.15 becomes 
(R,+(s+jo,)L,Is+Vs=—L,, «s(Is+Ir)—jo,L, (Ist Ir) (2.22) 
(R, +(s+ j(@,-@,))L, Ir + Vr =-L,, «SIs +Ir)—j(@, -@ JL, (s+ Ir) (2.23) 


L,,, is the transient magnetization inductance of the WRIG. The equivalent circuit is shown in Figure 2.2. 

Magnetic saturation of the main flux path is accounted for in the space-phasor model simply by the 
functions L,,, (i,,) and L,,(i,,), which may be determined experimentally or online. The motion-induced 
voltages are also visible in the coordinates system rotating at electrical speed @,. The coordinates system 
speed @, may be arbitrary: 


+ Stator coordinates: w,= 0 
+ Rotor coordinates: @,= @, 


A R, (s+ jO)Lg Lr. (s+ j(, ~ O,))Ly1 R, 


j OpLinlin J ( Op - 0, )Liyl, m 
I,, R, sly Iyo R, sLyy 
Veo Vio 
e 
(Per phase) (Per phase) 


FIGURE 2.2 Space-phasor equivalent circuit of wound rotor induction generator (WRIG). 
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+ Synchronous coordinates: @,= @, (stator voltage or current frequency) are preferred — for steady- 
state and symmetrical stator voltages: 


V,,()=Vv2 col nt (04 | (2.24) 
With Equation 2.10, 
V.=VV2[cos(@, - @, tj sin(@, -@, A] (2.25) 
Also, with 
V, 4, ()=V.v2 cos o)t+y-(i-) 7 (2.26) 
V,=V,v2[cos((@, -@,)¢+y)—j sin((@, -@,)t+7)] (2.27) 


The actual frequency of the rotor voltages for steady-state @, is known to be @,= @,— @, (see Chapter 1 also). 
The stator and rotor voltage space phasors have the same frequency under steady state: @,— @,. 
So, for steady state, s =: 


* j@, in stator coordinates (@,= 0) 
* j@, (@,= @,— @,) in rotor coordinates (@,= @,) 
* 0 in synchronous coordinates (@,= @,) 


At steady state, in synchronous coordinates, the WRIG voltages, currents, and flux leakages are direct 
current (DC) quantities. Synchronous coordinates are, thus, frequently used for WRIG control. Other 
equivalent circuits, with ¥;, I, and ‘Y,, Is; pairs as variables, may also be developed but with little gain. 
For steady state, the space-phasor circuit has the same form irrespective of @, as s= j(@,—@,). And, if 
and only if magnetic saturation is ignored, L,,,= L,,, (Figure 2.3). 

What differs in steady state when the reference system speed @, varies is the frequency of space phasors, 
which is @, — @, The equivalent circuit in Figure 2.3 is similar to the per phase equivalent (phasor) 
circuit in Chapter 1, but it has a distinct meaning. The homopolar (zero sequence) part still depends on 
the reference system speed @,. The space-phasor model may also be illustrated through the space-phasor 
voltage diagram (Figure 2.4). 

Consider cos@ = 1 in the stator, generating operation under synchronous speed. (Active and reactive 
powers are absorbed through the rotor and delivered through the stator.) Consequently, the phase angle 
between rotor voltage and current @, is 180°< @,< 270°. It is zero between the stator voltage and current, 
as cos@, = 1. Also, as the magnetization is produced through the rotor, I,> I,. For negative torque, ‘Y; is 
ahead of I;, and ‘¥, is behind I, for the same situation. This makes the drawing of the space-phasor 
diagrams during transients fairly easy, especially if we fix the coordinate system space @,, for example, 
O,= Q,. 

The machine is overexcited, as ¥_ >‘Y , to produce unity power factor in the stator, at steady state. 
During steady state, for synchronous coordinates (@,= @,), d/dt terms, along the stator and rotor, flux 
linkage derivatives are zero. 

One more way to represent the WRIG transients is with the structural (block) diagram. To derive it, 
we have to choose the pair of variables. The stator and rotor flux linkage space phasor ‘¥; and ¥; seem 
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I, R jO,L,1 a jO Ly, R,/S 


I R, j(@,— O)Le I R, JQ, — OL 


V50 Vio 


(Per phase) (Per phase) 


FIGURE 2.3 Steady-state space-phasor circuit model of unsaturated wound rotor induction generator (WRIG). 


to be most appropriate, as they lead to a rather simplified structural diagram. First, the stator and the 
rotor currents are eliminated from Equation 2.15: 


¥ yp Ln 
fe (= ¥, =) v 
I; = , o=l 2 
oO LL 
7 ae (2.28) 
Ys Ln 
eed, 
— oO 


P,>0 
Q,=0 
P, <0 


Q, <0 


FIGURE 2.4 Space-phasor diagram of wound rotor induction generator (WRIG) for subsynchronous generator 
operation at unity stator power factor. 


© 2006 by Taylor & Francis Group, LLC 


2-10 Variable Speed Generators 


and then, 


wee +(1+ jot!) Ys =-/V.+ KY, 


* dt 
ae (2.29) 
T! z +(1+ j(@, -@,)t/)¥, =-1'V,+K, 
L L 
K =—"*=0.9-0.97 K =—"*=0.91-—0.97 
oes E 
(2.30) 
jh Te. pega (¥.1] 
T= —:O T=—:O =—_ ma sls 
Ss R r R P, is 


As the equations of motion are not included, Equation 2.29 represents the equation for electromagnetic 
transients (constant speed). Also, in general, @,= @, = ct. for power grid operation of a WRIG. 

There is, as expected, some coupling of the stator and rotor equations through flux linkages, but the 
time constants involved may be called the stator and rotor transient time constants T and Te both in 
the order of milliseconds to a few tens of milliseconds for the entire power range of WRIGs. 

As the flux linkages can vary quickly, so can the stator and rotor currents because there is a linear 
relationship between them (if saturation is neglected). 

Equation 2.29 and Equation 2.30 lead to the structural diagram shown in Figure 2.5. The presence of 
the current calculator in the structural diagram is justified, because, generally, either flux-linkage or 
current (or torque) control is affected. 


Current 


calculator 


FIGURE 2.5 Wound rotor induction generator (WRIG) structural diagram. 
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The space-phasor (vector) model may easily be broken into d—q variables based on the following 
definitions (Equation 2.10): 


av, 
7 =-V,-Ri, +0,¥, 
dt 
4=-V -Ri -o,¥ 
dt q sq bod 
Pag = Lda, + La danar 
d¥ , : 
a =-V,-Ri,+ (@, -O. en (2.31) 
av, 
ai = ve Ri (@, -@,)¥, 
ae = LLipar + Lidia 


3 
T= Sp(¥d,— Val) 


V, N F I, 
Vv, |=|P(6,)||V, 1,|=|P(,)||1, 
M I Me 
Ve Ve I, ‘ie 
qr = |P(@, a a) Vi, i. = |P(@, a Fm) I, 
ie I cr 


cos(—6) co 0+ 2) cof -0-78 


P(@)= z sin(-6) sn[-04 2 sn{-04 | 


(2.32) 


2 ZL a 
2 2 2 
-l 3 T 
| P(@)| "= =|P@)| 
2 
d¥ d¥ 
®--V -RI., —"=-V -RI; W <LI, ¥, LJ (2.33) 
dt os S OS dt or Yr or os SL OS or st oor 
J do : 
_ a. =T,+T,.,3 Te<0 for generating 
Pi (2.34) 
46, 
ht =0; @ =p,Q, = p,-2an 


The generalized matrices for stator and rotor quantities were included for completeness. 
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2.5 Approaches to WRIG Transients 


First, we have to discriminate between the close-loop controlled and open-loop operation at constant 
rotor voltage or current, with slip frequency @, adjusted to speed to preserve constant stator fre- 
quency @, = @, +@_.When connected to a stiff power grid, the stator voltage is fixed in terms of amplitude 
and phase: 


abc 


Vinx, Deos{ oD) (2.35) 
with 
Vine =v, Vices («9 ¥-G-0% +7, (2.36) 


for voltage “open-loop” control, and 


b 


. 4,20 
Loge Dos, -0,)'--0) E+, (2.37) 
for rotor “open-loop” control. 

After using the Park transformation, in synchronous coordinates 0, =@,t, for example, for voltage 
“open-loop” control, 


V,=V,v2 


v= 
(2.38) 
V,,=V.v2 cosy, 


V =-V v2siny, 


qr 


For constant stator voltage V,, the influences of the phase advance of the latter with respect to stator 
voltage, Y¥y, and the speed @, (or slip S = (@,— @,)/@,) on transients are paramount. In general, during 
transients, both electromagnetic and mechanical variables vary in time. However, in very fast transients, 
the speed may be considered constant; thus, the motion equations (Equation 2.34) may be ignored in 
the d—q model. 

Laplace transform and linear control techniques may be used in such cases, but they are limited to 
fast rotor voltage amplitude (V,) or phase angle (¥,) variations. Also, a short-circuit on the stator side at 
WRIG terminals or somewhere along a transmission line may be approached in this way [2]. As such 
cases are straightforward, we leave them out here, while treating them more realistically later, in the 
presence of speed variation. 

The linearization of the d—q model equations is used to study small deviation transients when the two 
motion equations are included. Subsequently, the eigenvalue method may be used to investigate small 
signal stability performance. Alternatively, the simplified synchronizing and damping torque coefficient 
method may be used for the same scope. For voltage and current (scalar) control, the eigenvalue method 
was successfully applied to the WRIG [3, 4] with conclusions such as the following: 


+ The current-controlled WRIG steady-state stability increases considerably with load, while under 
voltage control, only a small increase occurs. 
+ The power angle limits are independent of load. 
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* Under voltage control, for low values of rotor voltage V, only motor operation is stable for 
subsynchronous speeds (S> 0), and only generator operation is stable for supersynchronous speeds 
(S < 0). For current control, motor and generator operation are stable for both positive and 
negative slip (S # 0). 


To reduce the eigenvalue computation effort, the stator resistance may be neglected. As the presence 
of stator resistance is known to increase damping, it follows that the results for R,= 0 are conservative 
(on the safe side) [5]. 

The dynamic behavior of WRIG may also be approached by solving the d—q model equations (Equation 
2.31 through Equation 2.34) through numerical methods for various perturbations [6]. 

The introduction of vector control, or, very recently, of direct power control of WRIGs, changed the 
perspectives on WRIG stability and transients, because the new controls tend to linearize the system. 
Very fast, almost speed-independent, active and reactive power control was obtained this way. The quality 
of transient response is still paramount, as there are always limitations on the mechanical side or electrical 
side of the WRIG system. 

As the control of WRIG is strongly dependent on the static converter used on the rotor side, we will 
first dwell on this issue for a while. 


2.6 Static Power Converters for WRIGs 


The static power converter for WRIGs is connected to the rotor’s three-phase windings through brushes 
and slip-rings. It is rated approximately at P.y= |Siax|Psy> Where Sq. is the maximum slip value and Pyy 
the stator rated electric power. In general, |S,,,,,| < 0.2 to 0.3 and decreases with the power rating per unit, 
reaching less than 0.05 to 0.1 in the hundreds of MW power machines, to limit the static power converter 
rating. There are a few static power converter configurations suitable for WRIGs: 


* The uncontrolled (or controlled rectifier) + current source inverter, with low cost thyristors (the 
DC link alternating current [AC]—AC converter) 

* The cycloconverter: a voltage source commutated direct AC—AC converter with limited output/ 
input frequency ratio @,/@, < 0.33, with low cost thyristors 

+ The matrix converters: a voltage source direct AC—AC converter with insulated gate bipolar transistors 
(IGBTs) or integrated gate commutated thyristor (IGCTs) (or MOSFET-controlled thysistor 
[MCTs]) with free output/input frequency ratio 

+ The forced commutated rectifier-voltage source pulse-width modulator (PWM) inverter with 
IGBTs or IGCTs (the DC voltage link AC—AC converter) 


The above-mentioned configurations differ in terms of costs, two- or four-quadrant operation under 
subsynchronous and supersynchronous operation, current harmonics content, and response quickness 
in active and reactive power control of the stator of the WRIG. 

Traditionally, the first static converter introduced for WRIG (motor also) was composed of a machine- 
side diode rectifier with a DC choke and a source-side commutated current-source thyristor inverter 
(Figure 2.6). 

When a diode rectifier is used on the machine side, the power flow is unidirectional — from the 
machine to the power grid via the step-up transformer. It means that the WRIG may operate as a motor 
undersynchronously (S > 0) and as a generator supersynchronously (S < 0). That is, two-quadrant 
operation. Also, it is not possible to go through or operate at synchronism (S = 0). 

Finally, the current harmonics content in the rotor and in the stator is rich, and the power factor on 
the source side is rather modest. 

For more flexibility, the current machine-side converter may be made with thyristors to allow 
bidirectional power flow and thus provide for four-quadrant operation: motoring and generating for 
both S > 0 and S < 0. The severity of harmonics content remains. Sustained operation at synchro- 
nism (S = 0) is not feasible, but going through synchronous speed is feasible with careful control. 
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3 Phase 60 (50) Hz power grid 
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FIGURE 2.6 The direct current (DC) link alternating current (AC)—AC converter. 


See References [7, 8] for a thorough analysis of the current link AC—AC converter WRIG for four- 
quadrant operation. 

Based on Reference [7], typical experimental waveforms or thyristor voltage V,,,, DC link voltage V,,, 
rotor current, rotor voltage, and line current for supersynchronous and subsynchronous operation are 
shown in Figure 2.7. 

The rotor and stator waveforms and their harmonious spectrum are shown in Figure 2.8 for S=—0.27. 

The magnitude of supply distortion currents is less than 1% harmonics higher than fifth and seventh, 
but the latter may reach 10%. At low slip values, fifth and seventh rotor current harmonics may result 
in stator subharmonics currents. The harmonics content of supply currents increases with slip. 

Overlapping over thyristor commutation and harmonics sets severe limitations on WRIG operation 
range. Commutation failure bars operation close to (or at) synchronous speed. The indirect AC-AC 
converter shown in Figure 2.6 has both component converters as source (naturally) commutated. 
Forced commutation may improve the situation both in terms of faster and safer commutation and 
in power factor, but the costs become large, and the presence of the large DC choke remains a serious 
drawback. 


2.6.1 Direct AC-AC Converters 


Direct AC—AC converters rely, again, on source commutation and are thus rather simple and inexpensive. 
The number of pulses may be 6, 12, or 18 to reduce current harmonics by using step-down transformers 
with dual or multiple delta-star (D-Y) connected secondary (Figure 2.9). 

Each phase is fed from a double, controlled, rectifier — one for each current polarity — to produce 
operation in four quadrants (positive and negative output voltage and current). The output voltage (at 
rotor terminals) is “assembled” from sections of neighboring phase waveforms of the same polarity 
pertaining to the input (source) voltage at frequency @,. The output frequency @, is thus a fraction of 
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FIGURE 2.7 Direct current (DC) link alternating current (AC)—AC converter wound rotor induction generator 
(WRIG) typical waveforms: (a) S < 0 and (b) S > 0. 


@,, in practice: |@,| < @,/3. This is enough for WRIG operation, however, in case starting and synchro- 
nization as a motor are required, this is not enough, as the synchronization should take place at much 
higher speeds than obtainable with rotor supply and short-circuited stator motoring. Reactive power for 
the commutation of thyristors is drawn from the power source, and, if magnetization through rotor 
(unity stator power factor) is desired, overrating of the cycloconverter and transformer is required. 
In special configurations, @, could be increased further, and this means to add capacitors for reactive 
power production. But in this case, the cycloconverter’s essential advantages of low cost and reliability 
are partially lost. Harmonics with cycloconverter WRIGs are pertinently described in Reference [9]. Large 
power WRIGs (above 100 MW) are still provided with cycloconverters in the rotor circuit. A superior 
version of a direct AC—AC converter is the so-called matrix converter. The matrix converter (Figure 2.10) 
uses faster, bidirectional power switches and is, basically, a voltage source. The output voltage is made 
of sections of input voltages, intelligently “extracted” to form a PWM AC output voltage. There are some 
storage elements for voltage clamping (mainly) on the input side, but still, the power balance should be 


© 2006 by Taylor & Francis Group, LLC 


2-16 Variable Speed Generators 


Rotor current 


i td 


Stator current 


FIGURE 2.8 Wound rotor induction generator (WRIG) with direct current (DC) link alternating current (AC)—AC 
converter: rotor and stator current harmonics spectrum at S = —0.27. 
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FIGURE 2.9 High-power cycloconverter for wound rotor induction generator (WRIG). 
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FIGURE 2.10 Typical matrix converter (with IGBTs). 


provided inside each cycle in the absence of strong DC link energy storage elements. The matrix converter 
is claimed to show high power/volume and ultrafast power control with a controlled input power factor 
and low harmonics, and all this with four-quadrant natural operation and output frequency independent 
of @,, which is essential for motors starting with WRIGs from the rotor side with a short-circuited stator. 


2.6.2 DC Voltage Link AC-AC Converters 


Two voltage source PWM six-leg inverters may be connected back-to-back to form a DC voltage link 
AC-AC indirect converter (Figure 2.11). 

Bidirectional power flow is inherent, while output (rotor-side) frequency @, is limited only by the 
switching frequency of power switches that may be gate turn-offs (GTOs), IGBTs, or IGCTs (for high 
power). 

The two-level converter is generally used today up to 2 to 3 MW with IGBTs and line voltage outputs 
of 690 V. The presence of the large capacitor in the DC link provides for generous reactive power handling 
capacity. The rather large switching frequency (above 1 kHz) provides for lower current harmonics, both 
in the rotor and on the supply side. 


3 Phase 60 (50) Hz power grid 


FIGURE 2.11 Two-level direct current (DC) voltage link alternating current (AC)—AC converter. 
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Furthermore, fast commutation of power switches provides for very fast active and reactive power 
response, drawing temporarily on the mechanically stored energy in the prime mover generator rotors. 
Consequently, intervention in the power system for power balance or voltage control is very fast, notably 
faster than with synchronous generators (SGs). Moreover, operation and running through synchronism 
(S = 0) comes naturally. This makes the DC voltage link AC—AC converter “ideal” for WRIGs. 

But, as the power unit goes up, the maximum rotor voltage has to increase in order to keep the current 
through slip-rings and brushes at reasonably large levels. Voltages in the kilovolt range are typical for 
rotor powers up to 10 MW and above 10 kV for rotor powers above 10 MW. Multilevel DC voltage link 
AC-AC converters are suitable for such voltage levels. A typical three-level GTO converter is shown in 
Figure 2.12a and Figure 2.12b. Other “cellular-type” multilevel converters are now commercially available 
in the kilovolt and MW range. 

To further reduce the harmonics content, it is also feasible to use two six-pulse (leg) converters in 
parallel on the same DC bus to work together as a 12-pulse converter when connected to a A,Y dual 
secondary step-up transformer on the source side [10]. 

Multiple cells in series are used to handle higher voltages, but the multilevel voltage principle holds. 
Such systems are also called high-voltage direct current (HVDC)-light. 

After presenting the various AC—AC converters for WRIGs, it seems clear that the trend is in favor of 
DC voltage link AC—AC converters with IGBTs and IGCTs, up to rotor powers of MW and, respectively, 
tens of MW, which, in fact, cover the whole range of WRIG power per unit, up to 400 MW. 

Consequently, control systems of WRIGs will be investigated in what follows only in association with 
DC voltage link AC—AC converters. 


2.7. Vector Control of WRIG at Power Grid 


Vector control stems from decoupled flux-current and torque-current control in AC drives. It resembles 
the principle of decoupled control of excitation and armature current in DC brush machines. Vector 
control is decoupled flux and torque control. 

Intuitively, adding two more outer loops — one stator voltage loop to produce the reference flux 
current and one frequency outer loop to control generator speed — for autonomous operation is realized. 
When the WRIG is connected to the power grid, active and reactive powers are close-loop controlled, 
and they produce the reference flux and torque currents in vector control. 

As motor and generator operation alternates, the control system has to be designated to handle both 
without hardware modifications. This makes the control system design more complicated. 


2.7.1 Principles of Vector Control of Machine (Rotor)-Side Converter 


Let us restate here the WRIG space-phasor model in synchronous coordinates: 


LR +V. =~ jos ¥,= Lilt nl 

i (2.38) 
= ot d¥, : = — = i 
I-Rr+ Vy =- dt — j(Q: — Or) ¥;; Y=L1,+Lnls 


__ Aligning the system of coordinates to stator flux seems most useful, as, at least for power grid operation, 
Y; is almost constant, because the stator voltages are constant in amplitude, frequency, and phase: 


wv =0; —t=0 (2.39) 
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FIGURE 2.12 Medium-voltage direct current (DC) voltage link alternating current (AC)—AC gate turn-off (GTO) 
converter: (a) the configuration and (b) typical voltage waveforms. 
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So, the stator equation, split into d—q axes, becomes as follows: 


dv 
1,R,+V,=-—4 
dt (2.40) 


IR+V =-o ¥ 
qs 4 rq 


dv 
As the stator flux y, does not vary much, ae =0, and, with R,= 0, 


V,=0 
(2.41) 
V =-o 
q r 
Now the active and reactive stator powers P., Q, are as follows: 
3 3 3 Lida 
Pe 5a VE) 5 ial rte =e O, = 0, 
° (2.42) 
3 3 34, 
Q. ze adh a VI) = ara = Fis op a = L,1y) 


Equation 2.42 clearly shows that under stator flux orientation (vector) control, the active power 
delivered (or absorbed) by the stator, P,, may be controlled through the rotor current I, while the reactive 
power (at least for constant ‘Y= ‘¥ ,) may be controlled through the rotor current J,,. 

Both powers depend heavily on stator flux y, and frequency @, (that is on stator voltage). This 
constitutes the basis for vector control of P, and Q, by controlling the rotor currents [,, and [,, in 
synchronous coordinates. 

As pulse-width modification on the machine-side converter is generally performed on rotor voltages, 
voltage decoupling in the rotor is required, again in synchronous coordinates. 

At steady state, from Equation 2.38, 


Y= i +L, + j,,)3 Y=, Ea =0, LL =L, =a (2.43) 


s Ss 


Ss 


; . L 
Vv, td a. =-RU, +it,)~iso| He, 41,01, (2.44) 
From Equation 2.44, 


@ 

V,=-R1,+L,S@.1,: S=1-— 
ir Ls ir SC qr (a) 
1 


(2.45) 


Equation 2.45 constitutes the rotor voltage decoupling conditions. The resistance terms may be dropped 
as d—q rotor current closed loops are added anyway. 

It also remains to estimate the stator flux linkage space-phasor y, in amplitude and instantaneous 
position. The inductances L,,, L, and L,. also have to be known. The machine-side converter has to 
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produce the correspondents of V,, and V,, in rotor coordinates: 


oe a Vie cos(@, = 6, ) - Ve sin(@, = 0) 


* a 2 x oe 2 

V,=V; cos -6 2 )-y an(6 -0 | (2.46) 
ir ir Ss er 3 qr $ oF 3 

Ma ae és = i: 


The zero voltage sequence reference voltage V,; = 0. 0, represents the stator flux angle with respect to 
stator phase a axis and is 


0.= fovar+ 6, (2.47) 
The rotor electrical position @,, is 


0,.=p,9.; p,— pole pairs (2.48) 
with @, the rotor phase a, axis position with respect to stator phase a axis. Under steady state, V,, and 
V,, are DC, 0,= @,t, and 6,,= @,t + 0,,, and, as expected, the rotor voltages will have the slip frequency 
Q@, = @,— @,= SQ@,. The above principles of vector control are illustrated in Figure 2.13. 
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FIGURE 2.13 P., Q, vector control structural diagram for a wound rotor induction generator (WRIG). 
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FIGURE 2.14 Power reference (envelope) division vs. speed in a wound rotor induction generator (WRIG), in 
generator mode. 


As evident in Figure 2.13, the rotor currents have to be measured. Also, the ‘¥,; and 0, have to be 
estimated. The rotor position is needed. Rotor speed @, is also needed, both in the voltage decoupler 
and for prime-mover speed control. The mechanical power P,, vs. speed @, is obtained through an 
optimization criterion: 


P =P+P'+ > losses (2.49) 


In general, P,,(@,) is linear with speed (Figure 2.14) and depends on prime-mover and WRIG charac- 
teristics. 

The stator delivered power envelope increases slowly with speed, but the mechanical power varies 
notably as the rotor electric power changes sign at synchronous speed (@,). 

A given total electric power requirement (P +P" = P_) asks for an optimum speed to deliver it, and 
the prime-mover speed generator (Chapter 3, Synchronous Generators) has to be able to produce it 
through closed-loop control. This is the second reason why speed feedback is required. Also, reference 
power P, vs. speed is obtained from curves as those shown in Figure 2.14. 

It is clear that either rotor electrical position or speed @, are measured or estimated. A resolver or a 
rugged (magnetic) encoder would be enough hardware to produce both 6, and @, in practice. As such, 
a device tends to be costly and affected by noise in terms of precision. Therefore, motion estimators are 
preferred, leading to the so-called sensorless control. Note that as sensorless control may also be used 
for direct power control at the power grid or for stand-alone operation of WRIG, the estimators for 
sensorless control and performance with them will be treated after such control alternatives are exposed 
in forthcoming paragraphs. 


2.7.2 Vector Control of Source-Side Converter 


The source-side converter is connected to the power grid eventually via a step-up transformer in some 
embodiments. However, the transformer is eliminated by designing the rotor windings with a higher 
than unity turn ratio K,,: 


ten) si (2.50) 


Ts 
max 
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FIGURE 2.15 Source-side voltage converter. 


At maximum slip, the rotor voltage equals the stator voltage. In general, the source-side voltage converter 
uses a power filter to reduce current harmonics flow into the power source (Figure 2.15). The presence 
of the source-side power filter is imperative for stand-alone operation mode. 

The voltage equations across the inductors (L and R) are as follows: 


Vv, i d fe as 
ViJ= Ria] Ella Mi (2.51) 


These equations may be translated into d—q synchronous coordinates that may be aligned to axis d voltage 
(V,= 0, Va= V,): 


di, : 
Vi =Ri,4+L a O11, + V,, 
(2.52) 
' di, ; 
¥ = Ri, + trae oli, + Ve 
where @, is the speed of the reference system or the supply frequency. 


Neglecting the harmonics due to switching in the converter and the machine losses and converter 
losses, the active power balance equation is as follows: 


3 
Vide =SVala=Ps V,=0 (2.53) 
But, with the PWM depth, m,, as known, 
m 
V,=—_LV (2.54) 
d oF dc 
Then, from Equation 2.53, 
3m I 
pes (2.55) 
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The DC link voltage link equation is 


dV, , 3m, , 
Cee Re I’, (2.56) 


It is evident from Equation 2.56 that DC link voltage V;, may be controlled through J, control. The 
reactive power from (to) the source Q, is 


3 5) 
Q 5 (VI Vit) 5 Vi Vi =0 (2.57) 
Consequently, the reactive power from the power source to (from) the source-side converter may be 
controlled through [,. 

But, the voltage decoupler (from Equation 2.52) is required: 


Vi =@,LI +V, 
(2.58) 
V’ =-a@ LI 
qs ld 


In general, the reactive power from power source through the source-side converter is set to zero (I a 0), 
but Q,# 0, positive or negative, is feasible, according to Equation 2.57. 

The above vector control principles are illustrated in the generic scheme shown in Figure 2.16. 
The DC link voltage is, in general, kept constant to take advantage of full voltage for capacitor energy 
storage in the DC link. There is a DC voltage controller outside the DC current (J;, [,) controllers. The 
voltage decoupler (Equation 2.58) is also included. 

The Park transformation is operated in two stages, abc-a@B (3/2 stator coordinates) and oB-dq in 
synchronous coordinates, aligned to supply voltage space phasor (d0,/dt = @,). Some filtering is needed 
for @, calculation from @,, though for @, = ct. If it does, the angle 0,” of the voltage time integral (a 
fictitious flux linkage) should be calculated and then advanced by 90° to get 0, = 0," + 77/2. 
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FIGURE 2.16 Vector control principle of the source-side converter. 
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FIGURE 2.17 Wound rotor induction generator (WRIG) connected to the power grid. 


Further on, the speed of ideal stator flux linkage may be calculated and filtered properly for less 
noise. As the stator flux ‘Y, (‘¥,) is estimated for the vector control of the machine-side converter, this 
latter method may prove to be more practical. The reactive power exchange Q," with the source-side 
converter is included in Figure 2.16. A complete design methodology with digital simulations and 
laboratory-scale results for the vector control of WRIG at power grid is given in Reference [11]. Instead 
of reference reactive power Q*, a given small power factor angle (positive or negative) g* may be defined 
as follows: 


i. =I," tang’ (2.59) 


This solution may simplify the implementation, as only multiplication by a constant is performed. We 
will now present through digital simulations a description of a case study for a 2 MW wind generator 
application [12]. A hydraulic turbine prime mover would impose slightly different optimum mechanical 
power P,, vs. speed and mechanical time constants in the speed governor. It might also need motor 
starting for pump storage. These aspects will be treated later in this chapter. 


2.7.3 Wind Power WRIG Vector Control at the Power Grid 


A schematic diagram of the overall system is shown in Figure 2.17. 

Two back-to-back voltage-fed PWM converters are inserted in the rotor circuit, with the supply-side 
PWM converter connected to the grid by a resistance inductance (RL) filter, which limits the high- 
frequency ripple due to switching harmonics. The complete simulation model of the system was imple- 
mented in MATLAB® and Simulink®, and its parts are explained in what follows. 


2.7.3.1 The Wind Turbine Model 


The wind turbine is modeled in terms of optimal tracking, to provide maximum energy capture from 
the wind. The implemented characteristics are presented in Figure 2.18a and Figure 2.18b. 
These characteristics are based on the following: 


= 1 2 773 
Puy = 5 Pain Cp(A,B)--R°-U (2.60) 


where 
C, is the power efficiency coefficient 
U is the wind velocity 
B is the pitch angle 
R is the blade radius 
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Py, is the mechanical power produced by the wind turbine 
Pair 1S the air density (usually 1.225 kg/m?) 


The tip speed ratio / is 


A=— (2.61) 
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FIGURE 2.18 Implemented wind turbine characteristics: (a) aerodynamic characteristics and (b) the turbine 
torque model. 
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Equation 2.60 becomes 


opt 1 5 Cr 3 3 
Pe = Parekh 7 O = Ky -@, (2.62) 
opt 
where K,, is a wind-turbine-dependent coefficient. 

Equation 2.62 holds the key to the optimization of the variable-speed wind turbine by tracking the 
optimal turbine speed at a given wind speed. The result of the optimization is the optimal power efficiency 
C, at the given speed. In the simulation, the optimum power is returned by the model through a two- 
dimensional lookup table with interpolation of the turbine characteristics. The action of the governor is 
considered to be instantaneous. 

Stator and rotor voltages expressed in terms of d and q axes quantities rotating in an arbitrary reference 
frame with the speed q, are represented by Equation 2.31 through Equation 2.34. 

The WRIG parameters are as follows: Py = 2.0 MW, (Voy)line = 690 V root mean squared (RMS), 2p, = 
4, fy= 50 Hz, I, = 3.658 per unit (P.U.), 1y= 0.0634 (P.U.), |, = 0.08466, r,= 4.694 x 10° (P.U.), r,= 4.86 x 
10> (P.U.), H = 3.611 (seconds). 

Usually a speed range of 25% is chosen around the synchronous speed. To have a lower current at the 
rotor-side of the machine, which is equivalent to a lower converter sizing, and the same voltage at the rotor- 
side and stator-side at the limits of the speed range (the voltage adapting transformer between the converter 
and the power system is avoided), a transformer ratio K,, of the generator windings of four is chosen: 


Vine = K,,|S (2.63) 


rmax max | as eg 


2.7.3.2 The Supply-Side Converter Model 


As inferred in a previous discussion, the supply-side converter is used to control the DC link voltage, 
regardless of the level and the direction of the rotor power (Figure 2.19). A vector-control strategy is used, 


FIGURE 2.19 The block diagram of the supply-side converter control. 
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FIGURE 2.20 Location of different vectors in stationary coordinates. 


with the reference frame oriented along the stator voltage. The converter is current regulated, with the direct 
axis current used to control the DC link voltage; meanwhile, the transverse axis current is used to regulate 
the displacement between the voltage and the current (and, thus, the power factor). 

The angular position of the supply voltage 8, is calculated: 


@ =tan?| 2 (2.64) 


where V,,, and V,g are the stator voltages expressed in terms of @ and f axes (stationary). 

The design of the current controllers follows from the transfer function of the plant in the z-domain, 
the sampling time being 0.45 msec. For a nominal closed-loop natural frequency of 125 Hz and a damping 
factor of 0.8, the transfer function of the proportional integral (PI) controller is 18.69 (z — 1335.4)/ 
(z— 1). The current loop is designed to be much faster than the DC voltage loop and is thus considered 
ideal. The transfer function of the DC voltage controller results in 17.95(z — 2640)/(z — 1). 


2.7.3.3 The Generator-Side Converter Model 


The generator is controlled in a synchronously rotating d—q frame, with the d axis aligned with the stator 
flux vector position, which ensures a decoupled control between the electromagnetic torque and the rotor 
excitation contribution (Figure 2.20). In fact, decoupled active and reactive power control of the 
generator is obtained (Figure 2.21), as explained in a previous paragraph. 

Again, knowing the transfer function of the plant and imposing the natural closed-loop frequency 
and the damping factor, the transfer function of the current controllers results in 12(z — 0.995)/(z— 1). 
The power loops are designed to be much slower than the current loops, and the transfer function for 
the power controllers are thus obtained: 0.00009(z — 0.9)/(z — 1). 

The reference voltages generated by the current control loops with back-electromagnetic field (emf) 
compensation are transformed back to the rotor referenced frame and are space vector modulated to 
generate the voltage pulses for the inverter. 


2.7.3.4 Simulation Results 


Extended simulations were performed on the model thus implemented. At 1.5 sec, the wind speed is 
increased from 7 to 11 m/sec, then at 6 sec, the reference of active power is increased from zero to 1.2 
MW, while the reference reactive power is maintained at 300 kVAR. The various stator and rotor variable 
waveforms are shown in Figure 2.22a through Figure 2.22f. The smooth transition through synchronous 
speed is noteworthy. 
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FIGURE 2.21 The block diagram of the machine-side converter control in a doubly fed wind turbine. 


The stator active and reactive powers are shown in Figure 2.23a and Figure 2.23b, respectively. 

Decoupled control is evident as also demonstrated in Reference [13]. Safe passage through synchronous 
speed (n,= f,/p,) is visible. 

The system response is stable and rather quick in terms of active power control. 


2.7.3.5 Three-Phase Short-Circuit on the Power Grid 


In order to study the behavior of the whole system under a three-phase short-circuit on the power grid, 
without taking any protective measures, the grid is modeled as in Figure 2.17 and divided into two parts. 
The short-circuit is applied at the middle of the line. Sample results are shown in Figure 2.24a through 
Figure 2.24h. 

It can be seen that there are two dominant current peaks, one at the initiation of the short-circuit, 
and one, even more severe, when the short-circuit is cleared. Two severe transients in torque also occur, 
and a transient in speed, which means that during the fault the electromagnetic torque is very small, and 
the generator accelerates. The torque of the turbine is naturally decreased during the fault, as the generator 
speed is increasing and the wind speed remains constant (see the characteristics in Figure 2.18). 


2.7.3.6 Mechanism to Improve the Performance during Fault 


To reduce the transients due to short-circuit, a few methods were investigated. The first was to reduce 
the active and reactive power references immediately after the fault occurs. But it did not produce any 
improvement. 

The most efficient method, according to this study, was to limit the rotor currents. This was done by 
limiting the reference rotor currents, in fact, the output of the active and reactive power PI controllers 
at the +1.5 I, on the q axis and +0.5 I, on the d axis. The results are presented in what follows and in 
Figure 2.25a through Figure 2.25e. 

Notable improvements can easily be noticed. First and the most important is the reduction of the 
second and highest rotor current peak, when short-circuit is cleared, by 50%. The stator current second 
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FIGURE 2.23 The (a) active and (b) reactive stator power control. 
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FIGURE 2.24 Three-phase short-circuit on the power grid: (a) stator voltage, (b) stator currents, (c) rotor currents, 
(d) speed, (e) turbine torque, (f) electromagnetic torque, (g) active power, and (h) reactive power. 
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FIGURE 2.25 Three-phase short-circuit on the power grid, with limited rotor currents in the generator: (a) stator 


currents, (b) rotor currents, (c) speed, (d) turbine torque (Nm), and (e) electromagnetic torque. 


peak is also reduced with the same amount. The acceleration of the generator is not avoided, but when 
the system is restoring, the deceleration is less pronounced, and the speed generator stabilizes earlier. 
Practically, the system is recovering 1 sec more quickly than in the case with no limitations in the 


rotor currents. 


Note that for large power wind farms, continuous operation during short-circuit faults is required. 
This mode becomes more important, as the wind turbine should be able to contribute with power just 
after a short-circuit. The good dynamic performance and accuracy of the active and reactive power 
control were demonstrated. Also, the waveforms of the generator in a three-phase short-circuit are 
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presented. For better continuous operation during short-circuit faults, different methods were inves- 
tigated. The reduction of the power references during the fault in order to prevent the rotor overcur- 
rents and generator overspeeding was performed, but it did not produce expected results. The best 
situation was obtained with limitation of the rotor current references. Other methods might produce 
even better results. 


2.8 Direct Power Control (DPC) of WRIG at Power Grid 


Direct active and reactive power control of WRIGs stems from direct torque and flux control (DTFC) 
in AC electric drives [14]. In this perspective, vector control of active and reactive power of WRIG as 
presented in previous paragraphs should be considered as indirect control. 

The active and reactive stator powers are calculated from measured voltages and currents and are 
closed-loop controlled by hysteresis or more advanced regulators. These regulators directly trigger a 
sequence of voltage vectors in the machine-side converter, based on power errors and also on the position 
of the stator flux in one of the six 60°-wide sectors. Consequently, coordinate transformation is apparently 
eliminated, and so is the necessity to acquire (or estimate) the rotor position. 

The speed estimation (or measurement) is still needed for prime-mover control as optimum P,,, (and P,) 
depend on speed, and, in fact, it increases almost linearly with speed. 


2.8.1 The Concept of DPC 


As the stator voltage V, is considered rather constant, in general, the stator flux ‘’ (for constant frequency @,) is 


V. 
Y= (2.65) 
oO 


1 


with R,= 0. At steady state, as demonstrated for vector control, in stator flux coordinates (Equation 2.42), 
the active stator power P, is dependent on I, and reactive power Q, is dependent on I,,. The rotor currents 
were written in stator flux coordinates. Here we will use an alternative approach. The DPC implies directly 
triggering the rotor voltage vectors in rotor coordinates. Consequently, the rotor space-phasor equation 
is written in rotor coordinates as follows: 


PRey aoe (2.66) 
dt 


Though neglecting the resistive voltage is producing a significant error in Equation 2.66 at small values 
of slip S when V, (its fundamental) is small, for the time being, we neglect it to see the greater picture 
of rotor flux variation that takes place along the applied rotor voltage vector: 


Wy —-P i = J V, dt (2.67) 


The rotor flux change (increment) falls opposite to the applied voltage vector’s direction, as the generator 
association of signs was adopted. But, the rotor flux ‘Y, is as follows: 


W.+L I; (2.68) 


y= tn 
L. SC 
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The active and reactive stator powers P,, Q, (with zero stator losses) are 


p= —* p,0,lmag (y,7,) 


Ss 


(2.69) 
Q= ~$ p,0,Real (y, i) 


with Equation 2.68, and introducing a flux power angle dy between Ww. and ¥,, P, and Q, become 


3 LY | 
P =—p@,—"—— sind 


2.70 
LL. * 


3 L 
Q = ; po, i Z WY CY — cosd,,) 


The flux angle 6,, is positive for Y, ahead of Y; (Figure 2.4). Positive power means delivered power. 
Equations 2.69 lead us to make the following remarks: 


+ To increase active stator and reactive power delivery, for constant stator flux (constant V,/@,), the 
rotor flux ‘¥, should increase in amplitude. 

+ To increase only active power P, delivery, the rotor flux (power) angle dy has to be increased. For 
a given flux power angle 6,,, Equations 2.70 suggest that the reactive power generated by the 
machine is increased by increasing the rotor flux amplitude P,. 


In other words, the rotor flux space phasor has to be decreased or increased in amplitude and accelerated 
or decelerated. The above rationale presupposes the same coordinates for rotor and stator flux 
(Figure 2.26). 

The only problem is that the applied rotor voltage space phasor (vector) by the machine-side 
converter is in rotor coordinates. Under synchronous operation, the rotor voltage vector travels in the 
direction of motion (in rotor coordinates). So, accelerating the rotor flux really means accelerating it 
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FIGURE 2.26 Stator/rotor flux angle. 
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FIGURE 2.27 Stator/rotor flux vector @, rotor coordinates: (a) for motoring and (b) for generating. 


in the direction of motion under synchronous speed. Above synchronous speed acceleration of rotor 
flux has to be performed opposite to motion direction. This rationale is illustrated in Figure 2.27a and 
Figure 2.27b. 

The rotor flux , is estimated directly in stator coordinates from the current model: 


lm! 
| 
| 


p= pT, (2.71) 


with 
wp, =-[v, —R.I.)dt 


That is, with measured stator quantities and known parameters — L,. (short-circuit inductance) and 
coupling ratio L,/L,, = 1.02 to 1.10 — the rotor flux may be estimated. Based on the sign of active and 
reactive power errors, 


Eps = ls P. (2.72) 
Eqs = Ors Q, 


with rotor flux vector in sector K, the application of voltage vectors V(K + 1) and V(K + 2) would increase the 
delivered stator active power, while the vectors V(K— 1) and V(K — 2) would reduce it. Moreover, the application 
of V(k), V(K— 1), and V(K— 2) would decrease the delivered reactive power, while V(,), Vici, Vici) and Vics) 
would increase it. The reactive power control is the same in motor and generator operation modes. 

Notice that the order of voltage vectors is opposite in subsynchronous operation with respect to 
supersynchronous operation (Figure 2.27). The zero voltage vectors of the converter Vj), V;,) stall the rotor 
flux vector without affecting its magnitude. Their effect on active power is thus opposite in subsynchronous 
and supersynchronous operation. Seen from the rotor side, in subsynchronous operation, V, increases 
Oy, as ‘¥; travels at slip speed. Hence, the active power increases in this case. 

Also, there is some influence of the zero voltage vector on the reactive power through the flux power 
angle Ow (Equation 2.70) increment. When Ow increases, cos Ow decreases, and thus, Q, increases. 
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The reverse is true when Oy decreases. So, the zero voltage vector effects are different in the four modes 
of operation (quadrants) (Table 2.1). 

It becomes rather simple to adopt the adequate rotor flux sectors. 

The vector flux sector may be found by the direction of change in Q, when a certain voltage vector is 
applied in subsynchronous or supersynchronous modes, avoiding the use of the observer (Equation 2.70 
and Equation 2.71) [15]. Table 2.2 illustrates the selection of voltage vector by €,. and Eo, (Equation 2.72) 
and the sector. Zero voltage vectors are illustrated in Table 2.3. 

The influence of a voltage vector on a Q, change sign, for a given sector, is summarized in Table 2.4. 

In practice, when applying a given (known) voltage vector, the measured reactive power change 
sign is obtained. If the actual sign of change is opposite to that in Table 2.4, the decision is to change 
the sector according to Table 2.5. The source-side converter may be vector controlled, as in the 
previous paragraphs, for vector control. Typical experimental results are shown in Figure 2.28a and 
Figure 2.28b [15]. 

Figure 2.29a and Figure 2.29b show the vector information (the step-like function), P, and Q, for 
steady state, the passing-through synchronous speed (the rotor current), and Q, and sector information 
during starting on the fly [15]. 


TABLE 2.1 Zero Voltage Vector Effects on P, Q, 


Speed Motoring Generating 
Subsynchronous ov, T> QN ov > Qt 
Supersynchronous SPL > QT 5¥.T> QI 


TABLE 2.2 Active Voltage Vectors 


P, Q, Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 
Ep, <0 Eq, < 0 V; Vv, V; Ve V, V, 
&p, <0 Eq, 20 V; V; V, V; Ve V, 
&,> 0 Eg, <0 V; V, V, V, V, V, 
&p, > 0 Eq; 2 0 V5 V, V, V; V, V; 


TABLE 2.3 Zero Voltage Vectors 


Speed Motor Generator 
Subsynchronous a; < O and &, <0 Eq, > 0 and &, < 0 
Supersynchronous Eg, > O and &, <0 Eq; 2 0 and &, < 0 


TABLE 2.4 Q, Changes Sign (Expected) 


Sector Vy V, V, V; Vv, V; Vs V;, 
1 0 + + - - = + 0 
2 0 + + + - = = 0 
3 0 - + + + _ _ 0 
4 0 - - + + + = 0 
5 0 - - = + + + 0 
6 0 + - = = + + 0 


Source: Adapted from R. Datta, and V.T. Ranganathan, IEEE Trans., PE-16, 3, 2001, pp. 390-399. 
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TABLE 2.5 Direction of Sector Change (Advance) 


Sector Vy V, V, V; Vv, V; Vs V;, 
1 0 0 -1 +1 0 _l +1 0 
2 0 +1 0 -1 +1 0 -1 0 
3 0 -1 +1 0 -1 +1 0 0 
4 0 0 -1 +1 0 -1 +1 0 
5 0 +1 0 _l +1 0 -1 0 
6 0 =1 +1 =-1 +1 0 0 


Source: Adapted from R. Datta, and V.T. Ranganathan, IEEE Trans., PE-16, 3, 2001, pp. 390-399. 


During starting on the fly, at the beginning, the sector information is not correct (Figure 2.29c), but 
it comes “to its senses” within 1 msec. A safe run through synchronous speed is visible. 

More advanced P, and Q, controllers may be used, with a space vector modulator, to improve rotor 
current waveforms and make the DPC strategy even better, while still keeping it simple enough and 
robust. 

Note that apart from vector control and DPC, feedback linearized control was recently proposed for 
the machine-side converter with promising results [16]. 


FIGURE 2.28 Direct power control (DPC) of wound rotor induction generator (WRIG): (a) P, step variation from 
0 to -0.5 P.U., Q,= 0 and (b) V,, J, transients. 
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FIGURE 2.29 (a)Test results P,, Q, and sector step change, (b) rotor current I, during transition through synchronous 
speed, and (c) Q, slow ramping during start-up. 


2.9 Independent Vector Control of Positive and Negative 
Sequence Currents 


Unbalanced voltage conditions in the power network may occur, and they greatly influence the standard vector 
control of DPC schemes. It is, however, possible to superimpose vector control of direct and inverse sequence 
stator current, in order to gain immunity to grid disturbances. Alternatively, separate phase stator current 
control is feasible with one stator current as zero. A typical such scheme is presented in Figure 2.30 [17]. 
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FIGURE 2.30 Positive and negative sequence current vector control of wound rotor induction generator 
(WRIG). 
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FIGURE 2.31 Response of stator phase currents with 10% negative sequence voltage: (a) positive sequence vector 
control and (b) positive and negative sequence control. 
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FIGURE 2.32 Stator currents in two-phase operation. 


The system response in conventional (positive sequence) and, respectively, positive plus negative 
sequence vector control with a 10% negative-sequence voltage is shown in Figure 2.31a and Figure 2.31b, 
respectively, for a 200 kVA prototype [17] with ],,= 2.9 P.U., = 1,= 3.0 B.U,, and r,= 1,= 0.02 PU. 

The reduction in stator phase current imbalance is notable. It is feasible even to drive the current in phase a 
to zero and work with only two active phases. As expected, the stator and rotor instantaneous active powers will 
pulsate, but the system is capable of feeding two-phase loads with zero current summation [17] (Figure 2.32). 

These enhanced possibilities of vector control add to the power quality delivered by WRIGs. 


2.10 Motion-Sensorless Control 


While apparently direct power control works without a rotor position sensor, vector control requires one 
for Park transformations. Both schemes need speed feedback to control the prime mover. So, estimators 
or observers for rotor electrical position 6,, and speed @, are required for sensorless control. 

The availability of stator and rotor currents through measurements is a great asset of a WRIG, for 
rotor position estimation. Also, remember that vector control of the machine (rotor)-side converter is 
performed in stator flux coordinates with 


W.=¥=LI; L=L,+L, (2.73) 


where I,,, is the stator flux magnetization current. 
In stator coordinates, 


Ws =L Ins = LIs+L Tr (2.74) 


The location of rotor current vector with respect to stator flux and phase a and rotor phase axis is 
shown in Figure 2.33. 
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FIGURE 2.33 Location of rotor current vector with respect to stator, rotor, and stator flux axes. 


The stator flux magnetization current vector I; in stator (0,8) coordinates is simply as follows (from 
Figure 2.33): 


ico = Te cos Oy, 
: (2.75) 
Lisp =I sin, 


Consequently, from Equation 2.75 — in stator coordinates — the rotor current components are as follows: 


L 
=(I I); I=! (2.76) 
ra ms sa L SO a 
L. 1 
Is Lisp Ig)> ; eee (2.77) 


i= Io? +19? (2.78) 


But, the rotor currents are directly measured in the rotor coordinates: 


cos6, =—#" 
i 2.79 
ic (2.79) 
sind, = 


with I, I, calculated from measured 1,,, i, and i,,: 
ror or 


rb 
Tay = Ly Lg = (2d, +1,)/ V3 (2.80) 


ror 


The unknowns here are the sin@, and cos@, , that is, the sine and cosine of the rotor electrical angle 6,,: 
(2.81) 
So, 


(Lp ; Le = Ls : I 5) 


sin@, =sin(6, —6,)=sin6d, cosd, — sind, cosd, = 


‘ (2.82) 
(Cae : 7 = Ip : 
cos0, = cos(6, — 6,) = cos6, cosé, + sind, sind, = 
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In fact, provided the stator flux magnetization current J,,, is known, sin@,, and cos@, are obtained in 
the next time sampling step without delay. The fastest response in rotor position information is thus 
obtained. The rotor speed @, may be calculated from sin@, and cos@,_ as follows: 


dé ‘ . d(cos@_) d(sin@_) 
*—=q@ =-sing, *~+cos@ or (2.83) 
dt r dt dt 


A digital filter has to be used to reduce noise in Equation 2.83 and thus obtain a usable speed signal. 
Though at constant stator voltage and frequency, ‘¥, is constant, and so is I,,,, under faults or voltage 
disturbances in the power grid, Y, (and thus I,,,) varies. It is, however, practical to start with the rated 


value of I,,, and calculate the first pair of rotor current components in stator coordinates sie Le Br 


ms 


I’,(k)= 1,4, (k)cos@, (k-1)— 1, (k)sin®, (k-1) 


I',(k) = I,, (k)cos0, (k-1)+ 1, (k)sin@, (k=1) 


L 
Taal) =1,()+ TM) (2.84) 
k k L, ’ (k 
er = if al el ) 
These new values of (I’ I’. wisp) will then be used in the next time step computation cycle. So, I, 


always one time step behind, but, as the sampling time is small, it produces very small errors, even fa a 
1 msec delay low-pass filter on I’ (k) is used. The magnetic saturation curve is required to account for 
saturation with rotor position estimation to yield good results when the stator flux varies notably, as in 
grid faults. Typical rotor position estimation results are shown in Figure 2.34 [18]. 

The speed estimation before and after filtering is shown in Figure 2.35a and Figure 2.35b [18]. 

As L,,/L,= 1 — L,/L, is close to unity, even a +50% error in L,/L, leads to negligible magnetization 
current estimation errors. The present 6,,and @, estimation method, with some small changes, also works 
when the stator currents are zero. Such a situation occurs when the synchronization conditions to connect 
the WRIG to the power grid are prepared. Other @,, and @, estimators were proposed and shown to give 


satisfactory results [19, 20]. 
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FIGURE 2.34 Estimated and actual rotor position (sin@,,) for step increase V’,,. 
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FIGURE 2.35 Estimated speed transients: (a) before filtering and (b) after filtering. 


2.11 Vector Control in Stand-Alone Operation 


The stand-alone operation mode may be accidental, when the power grid is not a good recipient of power, 
or intentional. Ballast loads are supplied in the first case. In principle, it is possible to maintain P,, Q, vector 
control as described earlier. But, the stator flux Y and frequency @, are imposed, rather than estimated. 

When the WRIG is isolated, self-excitation is required first, on no-load. But, after that, the vector 
control of the rotor source-side converter in stator voltage (or flux) orientation has a problem, as the 
stator voltage has harmonics even if a filter is used. Consequently, to “clean up” the noise, the stator 
voltage vector position 0,, is calculated as follows: 


1 


: (2.85) 


0,,.= Joa _ =6,.+ 


where @,’ is the reference stator frequency. A controlled ballast load is needed to compensate for the 
difference between mechanical power and electrical load. The control of the source-side converter remains 
as that for grid operation, with the q axis (reactive power) current reference as zero, in general. The 
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Machine side 
converter: 
Fig. 2.13 


6, = Ow, = J wy *dt + 1/2 


FIGURE 2.36 Machine-side converter vector control for stand-alone operation. 


machine-side converter control will have the active and reactive power regulators replaced by magneti- 
zation current regulators (to keep stator voltage constant), while along axis q, 


* LI, 
se = a (2.86) 


To provide for alignment along the stator flux axis, 


Ya = Pos cosOy, +P 5, sin Oy, (2.87) 
Pas Bs = -[ Vag iz RI gp) (2.88) 
=! (2.89) 

ms i . 


It would be adequate to add one more regulator for magnetization current. 

The corroboration of V*;.in the DC link with V,* is a matter of optimization (Figure 2.36). The turbine 
is commanded in the torque mode, and the torque regulator produces the control variable for ballast 
load to match the mechanical and electrical power when the actual load varies. More on stand-alone 
operation is presented in the literature [21, 22]. 


2.12 Self-Starting, Synchronization, and Loading 
at the Power Grid 


There are situations, such as with pump-storage hydropower plants, when WRIG needs to start as an 

< 7 z a . s -S 

induction motor with short-circuited stator until slowly the speed reaches O,>O. = —. Then, the 
Z max 


stator terminals are opened, and the machine floats with the speed slightly decreasing. During a 
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short period (40 to 50 msec), the synchronization conditions are prepared by adequate control. In 
essence, the stator voltage amplitude and phase angle differences (errors) are driven to zero by close- 
loop control of I;, and I,, — the rotor current components. In the process, the rotor phase sequence 
used for starting to @, has to be reserved to prepare for synchronization after the stator windings 
are opened. 

So, instead of active and reactive power regulators (Figure 2.13), the voltage and phase angle error 
regulators are introduced (Figure 2.37a). 

Fast synchronization is noticed in Figure 2.37b[19]. Starting as a motor with the short-circuited 
stator may be done with or without an autotransformer. The autotransformer is disconnected at a 
certain speed @,,, above a certain synchronization speed @,, in order to take advantage of higher voltage 
and, thus, allow for a lower rating static power converter to be connected to the rotor (Figure 2.38a 
and Figure 2.38b) [19]. 

Control during motor starting with a short-circuited stator may be done, and also with the vector 
control scheme of Figure 2.21, only it must be slightly modified. For example, the reactive power regulator 
will be bypassed. The reactive rotor reference current I", is kept constant and positive as the machine 
magnetization is produced through the rotor. The current I*,, should correspond to the rated no-load 
current of the WRIG. The active power regulator in Figure 2.13 should be replaced by a speed regulator 
(Figure 2.39). 

To illustrate the transient response of WRIG for generating and pumping operation at the power grid, 
results for a 400 MW unit are shown in Figure 2.40 and Figure 2.41 [22]. This large WRIG was also 
started with a shorted stator for the pumping operation mode. 

The response is smooth and fast, proving the vector control capability to handle decoupled active and 
reactive power control. 


2.13 Voltage and Current Low-Frequency Harmonics 
of WRIG 


Current harmonics in a WRIG originate mainly from the following: 


* Grid voltage harmonics 
* Winding space harmonics 
+ Switching behavior of the static power converter connected to the rotor 


The high-frequency harmonics are left aside here. As the power grid is connected both to the stator 
(directly) and to the rotor (through the AC—AC converter), the voltage harmonics influence the stator 
and rotor currents. The converter has to handle fundamental power control and also act as a filter for 
these harmonics. 

Alternatively, active filters may be placed between the power grid and the nonlinear loads [23]. In 
what follows, the low-frequency source current and equations are provided and used as a basis for feed- 
forward control added to fundamental vector control of a WRIG to attenuate current harmonics. 

The significant voltage harmonics due to the power grid are of the order 6k + 1 (positive sequence) and 
6k — 1 (negative sequence) in stator coordinates and +6k in stator voltage fundamental vector coordinates: 


Y= Vi fs YC, * om was (2.90) 
k k 


The distorted supply voltage produces current harmonics through the main (sine filter) choke (L,, R,) 
placed in series on the source-side (front end) converter. They are driven by the voltage drop over the main 
choke: 


Mag, 


invv 


=RI, + jo,,L,1, (2.91) 


svc SV 
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FIGURE 2.37 Mode II (synchronization): (a) control scheme and (b) results. 


where V,,,, Vinyy are, respectively, the vectors of harmonics in supply-side and source-side converter output 
voltage. On the other hand, the nonsinusoidal distribution of WRIG windings (placed in slots) produces 
rotor flux harmonics of 6k + 1 orders. In rotor coordinates, they are of the following form: 
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FIGURE 2.38 The three operation modes (a) and the speed vs. time (b). 
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FIGURE 2.39 Rotor reference currents during shorted-stator motor starting to speed @, > @ 


rmin* 


r_ —6 jko,t +6 jko,t j(@,-@, )t 
Wi aW 14) Coase sD Cygne |e (2.92) 
k k 


They produce stator current harmonics of the same order. In stator coordinates, 


ee 6 jkeo,t +6 jko,t | j(@,-@, )t 
I=) 13] ¥ Cases Y Case ell (2.93) 
k k 


The amplitude of stator current harmonics thus produced depends heavily on the machine winding 
type and on power level. They tend to decrease in large power machines but are still non-negligible. 
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FIGURE 2.40 Wound rotor induction generator (WRIG) (Ohkawachi unit 4) ramp response for generating 
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FIGURE 2.41 Wound rotor induction generator (WRIG) (Ohkawachi unit 4) ramp response for pumping 


(motoring) mode. 


In order to compensate these harmonics of stator current, the machine behavior toward them should 
be explored. Rewriting the space-phasor equation for the fundamental (Equation 2.15) in stator coordi- 
nates (@,= 0), for rotor flux ’, and stator current I; vectors as variables, we obtain the following: 


2, Sea | eae di. (Lal? CR = 
Vs.-V,—" =| R+—"-R [Ist+L +—"| jo -— |¥, (2.94) 
Le ae as an ae Ca a 
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FIGURE 2.42 Feed-forward compensation stator current harmonic v. 


The same equation may be applied for current (voltage) harmonics, provided the influence of frequency 
on resistances and inductances is considered (R,, L,.,). As the rotor flux varies slowly (with the time 
constant T,= L,/R,), the stator voltage harmonics are not followed by Y, which then may be eliminated 
from Equation 2.94: 


== L == . -_ 
Viv Viv = (R, + jVO,L,, My (2.95) 


Vv 


On the other hand, harmonics originating from rotor flux are not reflected in the stator voltage, and 
Equation 2.94 gets the following form: 


ror sevr 


R Toe . 
+( jo aa Viv =(R,, + jV,0,Ly )Is (2.96) 


r 


These rotor-flux-produced stator current harmonics only slightly depend on speed, as speed occurs 
on both sides of Equation 2.96. However, V, increases with speed almost linearly in WRIG. Consequently, 
the compensation voltage, equal and opposite to the left side of Equation 2.96, is proportional to speed. 
The elimination of stator current harmonics in Equation 2.95 and Equation 2.96 should be done by 
making the voltage difference on their left side zero by proper compensation. Feed-forward compensation 
is a favored such method. Advantages of Equation 2.91, Equation 2.95, and Equation 2.96 are taken in 
such a typical scheme, required for each harmonic (Figure 2.42). 

The output of the feed-forward controller enters the vector control rotor (machine)-side converter at 
the rotor voltage references level in synchronous coordinates. It goes without saying that the controller 
bandwidth has to be increased to cope with these new higher frequency (hundreds of hertz) components. 
Typical results with 70 to 80% compensation of fifth and seventh harmonics are shown in Figure 2.43a 
for a 4 kW WRIG and in Figure 2.43b for a 2.5 MW WRIG [24]. Though the fifth and seventh current 
harmonics are larger for the 4 kW machine, their reduction is also worthwhile in the 2.5 MW machine 
to improve power quality. 

Note that converter-produced harmonics are in the hundreds of hertz for thyristor rectifier—current 
source inverter converter WRIGs and in the kilohertz range for DC voltage link PWM AC-AC converters 
with IGBTs or IGCTs. They strongly depend on the control and converter switching (PWM) method. 
And, they are larger and more damaging in DC current link AC—AC converter WRIGs [25]. In DC voltage 
link PWM AC-AC converters, the main harmonics are around the fixed (if fixed) pulse frequency and 
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(a) (b) 


FIGURE 2.43 Stator current harmonic feed-forward compensation: (a) 4 kW wound rotor induction generator 
(WRIG) and (b) 2.5 MW WRIG. 


its multipliers. Multiple-level voltage PWM AC-AC indirect converters are a good solution for raising 
the pulse frequency, as seen in the rotor currents. 

But essentially, the reduction of converter produced harmonics takes place with the use of the PWM 
techniques used for the scope. Random switching or randomized switching frequency or pulse positioning 
are favored methods to reduce the converter-caused line current harmonics. A thorough analysis of 
various PWM techniques with their effects on stator and rotor current harmonics is given in Reference 
[26]. The common modulation plus triple sine is found to be appropriate. Also, shifting the pulse period 
of the rotor-side PWM converter by a quarter of a period with respect to the source-side PWM converter 
produces a reduction of the harmonics spectrum at the double pulse frequency. Passive or active filters 
may also be used for the scope. 


2.14 Summary 


WRIGs are also called DFIGs or DOIGs or even doubly fed SGs. 

The uniformly slotted cylindrical laminated stator and rotor cores of WRIG are provided with 
three-phase AC distributed windings. 

For steady state, the mmfs of the stator and rotor currents both travel at the electrical speed of @,, 
with respect to the stator. However, with electrical rotor speed @, the frequency @, of rotor currents 
is @,= @,— @,. Negative @, means negative slip (S= @,/@,) and an inverse order of phases on the rotor. 
With a proper power supply connected to the rotor at frequency @, (variable with speed such that 
@,= @,+ @,~ constant), the WRIG may work as a motor and generator subsynchronously (@, <@,; 
o,> 0), supersynchronously (a. >O,; 0, < 0), and even at synchronism (@. =@,, 0,= 0). Constant 
stator voltage and frequency may be secured for variable speed: @,(I-|S__.|)< @, <@, 1+|Syaxl) 
The larger the speed range, the larger the power rating P,, of the rotor-connected static power 
converter: Py ~|Siax| Pry. 

For +25% slip and speed range, the power rating of the rotor-connected static power converter is 
around 25% Py, that is, 25% of stator power. The WRIG may deliver 125% total power at 125% 
speed, with a stator designed at 100% and 100% speed. The flexibility of a WRIG due to variable 
speed and the reasonable costs of the converter are the main assets of WRIGs. 

The phase-coordinate model of the WRIG has an eighth order, and some coefficients are rotor- 
position (time) dependent. It is to be used in special cases only. 

The space-phasor or complex-variable model is particularly suitable for investigating WRIG tran- 
sients and control. Decomposition along orthogonal axes, spinning at general speed @,, leads to 
the d—-q model. The Park generalized transform relates the phase coordinate to the space-phasor 
model. The latter has all coefficients independent of rotor position. 
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+ The active power is positive (delivered) in the stator for generating and negative for motoring, for 
both S>0 and S <0. 

+ The active power is positive (delivered) in the rotor for motoring (for S > 0) and negative 
(absorbed) for generating. For S < 0, the reverse is true: the motor absorbs power through the 
stator and the rotor, and the generator delivers it through the stator and the rotor. 

+ With losses neglected, the mechanical power P,,= P,+ P,. 

+ The space-phasor model of the WRIG, for steady state, in synchronous coordinates, is characterized 
by DC quantities (voltages, currents, and flux linkages) that make it suitable for control design. 

+ The space-phasor model is characterized by its equations, space-phasor diagrams, and structural 
diagrams. 

- WRIG transients are to be approached via the space-phasor model. For scalar open-loop control 
at constant rotor voltage V, or current J,, the linearization of the d-q model leads to a sixth-order 
equation to determine the complex eigenvalues. The order is reduced to four if the stator resistance 
R, is neglected. 

* It has, by now, been shown that only rotor current control provides for a stable motor and 
generator, both undersynchronously (S > 0) and supersynchronously (S < 0). 

- As WRIGs are supplied, in general, in the rotor, by static power converters, and vector or direct 
power or feedback linearized control is applied, the investigation of transients of the controlled 
WRIG becomes most relevant. 

* Static power converters for the rotor circuit of a WRIG may be classified as follows: 

* DC current link AC—AC converters 

* DC voltage link AC—AC converters 

+ Direct AC-AC converters (cycloconverters and matrix converters) 

+ They all may be built to provide bidirectional power control, both for S> 0 and S < 0. However, 
the DC current link AC-AC converter fails to work properly very close to or at synchronism 
(@,= @,). The content in current harmonics depends both on the converter type and on its 
PWM and control strategies. The DC voltage link AC—AC (back-to-back) converter with IGBTs, 
GTOs, or IGCTs seems to be the way of the future. 

+ Vector control of a WRIG refers, separately, to the machine-side converter and to the supply-side 
converter. 

+ The vector control of a machine-side converter essentially uses active and reactive power closed- 
loop regulators to set reference rotor d—q current components i,, and i,, in stator flux synchronous 
coordinates (@,= @,). After voltage decoupling, the rotor voltage components V*,, V*,, are Park- 
transformed into rotor coordinates, to produce the reference rotor voltages V*,,, V‘,,, and V*,. A 
PWM strategy is used to “copy” these patterns. 

* Vector control of the source-side converter also works in synchronous coordinates but only if 
aligned to stator voltage (90° away from the stator flux axis). In essence, the d axis source-side 
current i, is used to control the DC link voltage (active power) through two closed-loop cascaded 
regulators. The q axis source-side current i, is set to provide a certain power factor angle on the 
source side, through a current regulator. The i,, P components are then Park-transformed in stator 
coordinates to produce the source-side voltages by the source-side converter. 

* Vector control was successfully used for fast active and reactive power control at the power grid 
and in stand-alone operation. 

+ Even after a three-phase short-circuit, the WRIG recovers swiftly and with small transients, if the 
reference rotor currents on the machine-side converter are limited by design. 

* Besides vector control, for the machine-side converter, direct power control (DPC) was proposed. 
DPC stems from direct torque control applied to AC drives. 

+ DPC uses, in principle, hysteresis active and reactive power regulators to directly trigger one 
(or a sequence of) voltage vector(s) in the machine-side converter. A kind of random PWM is 
obtained. DPC claims simplicity for fast and robust response in power and implicit motion- 
sensorless control. 
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Vector control requires rotor electrical position @,, and speed @, information for implementation. 
In addition to using sensors to cut costs, motion sensorless control is used. 

The 9, and a, observers are easier to build for a WRIG, as both stator and rotor currents are 
measurable, though, each in its coordinates. However, by estimating the stator flux, it is easy to 
use the current model and estimate cos@,, and sin8,, and then @,. Low-pass filtering is mandatory 
for both rotor position and rotor speed estimation. Good sensorless operation during synchroni- 
zation to, and operation at, the power grid was demonstrated. 

There are applications where self-starting (and motoring, for pump storage) is required. It is done 
with the stator short-circuited, while the active power regulator is replaced by a speed regulator, 
and the reactive power regulator is replaced by constant reference i*,, current. 

During the synchronization mode, the errors between d-q WRIG and power supply voltages are 
driven to zero by closed-loop regulators that replace the P, and Q, regulators. All of these are in 
the machine-side converter. 

Vector control may be extended to include the negative sequence components and may, thus, 
enable the handling of asymmetrical power grids, up to zeroing a one-phase current. 

In stand-alone operation, the vector control also works, but the source-side converter has terminal 
voltage control at a given frequency. The DC link voltage will float with the terminal voltage. The 
presence of the filter somewhat complicates the control. Smooth passage, from grid to stand-alone 
operation, is feasible. 

Smooth and fast stator active and reactive power control with WRIGs was demonstrated up to 
400 MW/unit. 

The static power converter, the distribution of coils in slots in the WRIGs, and the power grid 
voltage cause (or contain) harmonics. 

The switching harmonics due to PWM in the converter may be attenuated by adequate, quarter 
of a period delays of pulses on the two sides of the back-to-back converters or through special 
active filters or by using random PWM. 

The current harmonics due to stator voltage and rotor distributed windings may be compensated 
one by one by adding their compensating voltages to V",, and V‘,, in the standard machine-side 
converter vector control scheme. Alternatively, active filters may be used for the scope. 

The power quality of a WRIG can be made really high, and efforts and solutions in that direction 
are mounting. 

Worldwide research efforts are dedicated to investigating stability in power systems with WRIGs 
driven by wind or hydraulic turbines [2]. 
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3.1 Introduction 


WRIGs have been built for powers per unit up to 400 megawatt (MW) in pump-storage power plants and 
down to 4.0 MW per unit in windpower plants. Diesel engine or gas—turbine-driven WRIGs for standby or 
autonomous operation up to 20 to 40 MW may also be practical to reduce fuel consumption and pollution 
for variable load. 

Below 1.5 to 2 MW/unit, WRIGs are not easy to justify in terms of cost per performance against full 
power rating converter synchronous or cage-rotor induction generator systems. 

The stator rated voltage increases with power up to 18 to 20 kV (line voltage, root mean squared 
[RMS]) at 400 mega voltampere (MVA). Due to limitations in voltage, for acceptable cost power con- 
verters, the rotor rated (maximum) voltage occurring at maximum slip is today about 3.5 to 4.2 kV (line 
voltage, RMS) with direct current (DC) voltage link alternating current (AC)—AC pulse-width modulated 
(PWM) converters with integrated gate controlled thyristors (IGCTs). 

Higher voltage levels are approached and will be available soon for industrial use, based on multiple-level 
DC voltage link AC—AC converters made of insulated power cells in series and other high-voltage technologies. 

So far, for the 400 MW WRIGs, the rated rotor current may be in the order of 6500 A, and thus, for 
Sax = £0.1, approximately, it would mean 3.6 kV line voltage (RMS) in the rotor. A transformer is 
necessary to match the 3.6 kV static power converter to the rotor with the 18 kV power source for the 
stator. The rotor voltage V, is as follows: 

V.=K.-|S_..-V. 


max Ss 


(3.1) 


3-1 
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For |S_.|=0.1, V, =3.6-10° V (per phase), V, =18-10° /V3 V (phase): K,, = 2/1. So, the equivalent turn 
ratio is decisive in the design. In this case, however, a transformer is required to connect the DC voltage 
link AC—AC converter to the 18 kV local power grid. 

For powers in the 1.5 to 4 MW range, low stator voltages are feasible (690 V line voltage, RMS). The 
same voltage may be chosen as the maximum rotor voltage V,, at maximum slip. 

Por Sige = + 0.25, V, = 690/ 43 V,V,=Vo5 Kj. =1/| Snax |= 4. In this case, the rotor currents are significantly 
lower than the stator currents. No transformer to match the rotor voltage to the stator voltage is required. 

Finally, for WRIGs in the 3 to 10 MW range, to be driven by diesel engines, 3000 (3600) rpm, or gas 
turbines, stator and rotor voltages in the 3.5 to 4.2 kV are feasible. The transformer is again avoided. 

Once the stator and rotor rated voltages are settled, the design may proceed smoothly. Electromagnetic and 
thermomechanical designs are needed. In what follows, we will touch on mainly the electromagnetic design. 

Even for electromagnetic design, we should distinguish three main operation modes: 


* Generator at power grid 
* Generator to autonomous load 
* Brushless AC exciter (generator with rotor electric output) 


The motoring mode is required in applications, such as for pump-storage power plants or even with 
microhydro or wind turbine prime movers. 

The electromagnetic design implies a machine model, analytical, numerical, or mixed, one or more 
objective functions, and an optimization method with a computer program to execute it. 

The optimization criteria may include the following: 


+ Maximum efficiency 
+ Minimum active material costs 
+ Net present worth, individual or aggregated 


Deterministic, stochastic, and evolutionary optimization methods were already applied to electric 
machine design [1] (see also Chapter 10). Whichever the optimization method, it is useful to have sound 
preliminary (or general) design-geometry parameters for performance as a start for the optimization 
design process. This is the reason why the general electromagnetic design is our main target in what 
follows. Among the operation modes enlisted above, the generator at the power grid is the most frequently 
used, and thus, it is the one of interest here. 

High- and low-voltage stators and rotors are considered to cover the entire power range of WRIGs 
(from 1 to 400 MW). 

It is well understood that the following design methodology covers the essentials only. An industrial 
comprehensive design methodology is beyond our scope here. 


3.2 Design Specifications — An Example 


Stator rated line voltage (RMS) (Y) Vsy = 0.38 (0.46), 0.69, 4.2 (6), ...,18 kV. Rated stator frequency f, = 50 (60) 
Hz. Rated ideal speed my = f,/p, = 3000 (3600), 1500 (1800). Maximum (ideal) speed: n,,,. = a(t 1S ae): 
Maximum slip S,,,,. = £0.05, +0.1, +0.2, £0.25. Rated stator power (at unity power factor) S,y, = 2 MW. 
Rated rotor power (at unity power factor) S,, = S,,|S,,,,|=0.5 MW. Rated (maximum) rotor line voltage 
(Y) is Vey < Voy. As already discussed, the stator power may go up to 350 MW (or more) with the rotor 
delivering maximum power (at maximum speed) of up to 40 to 50 MW and voltage V,, < 4.2(6) kV. 

Here we will consider the case of total 2.5 MW at 690 V, 50 Hz, Vay = Voy = 690 Vy Siax = £0.25, and 
rated ideal speed n,y = 50/p, = 1500 rpm (p, = 2). 

Electromagnetic design factors are as follows: 


+ Stator (core) design 

* Rotor (core) design 

+ Stator windings design 

+ Rotor windings design 

+ Magnetization current computation 
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+ Equivalent circuit parameters computation 
* Loss and efficiency computation 


3.3 Stator Design 


There are two main design concepts in calculating the stator interior diameter D,,: the output coefficient 
design concept (C, — Esson coefficient) and the shear rotor stress ( f,,)[1]. We will make use here of the 
shear rotor stress concept with f,, = 1.5 — 8 N/cm’. 

The shear rotor stress increases with torque. So, first, the electromagnetic torque has to be estimated, 
noticing that at 2.5 MW, 2p, = 4 poles, the expected rated efficiency Ny > 0.95. 

The total electromagnetic power S,, at maximum speed and power is as follows: 


2 (So + Spy) (2+0.5)10° 


=2.604x10°W 3.2 
aN Ny 0.96 37) 


The corresponding electromagnetic torque T, is 


- Sw 2.604 x 10° 


e ~ 50 
rmAas|s_ |) 2m (1+ 0.25) 


1 


=1.327x10*Nm (3.3) 


This is about the torque at stator rated power and ideal synchronous speed (S = 0). The stator interior 
diameter D,,, based on the shear rotor stress concept, f,, is 


2T 
D. =3 —__; 
1s mA-f 


with J, equal to the stack length. The stack length ratio 2 = 0.2 to 1.5, in general. Smaller values correspond 
to a larger number of poles. With A = 1.0 and f,, = 6 N/cm? (aiming at high torque density), the stator 


internal diameter D,, is as follows: 
2:1.327 
D, = {222 <0.52m (3.5) 
. TX1X6 


At this power level, a unistack stator is used, together with axial air cooling. 
The external stator diameter D,,,, based on the maximum airgap flux density per given magnetomotive 
force (mmf) is approximated in Table 3.1 [1]. So, from Table 3.1, D,,,, is as follows: 


Dyy = Dj, + 1.48 = 0.5200 - 1.48 = 0.796 m (3.6) 


(3.4) 


The rated stator current at unity power factor in the stator Isy is 


S 2-10° 
I, = = = 1675.46 A (3.7) 
V3V,, Vv3-690 
TABLE 3.1 Outer to Inner Stator Diameter Ratio 
2p, 2 4 6 8 210 
D 


out 


/Di, 1.65-1.69 1.46-1.49 1.37—1.40 1.27-1.30 1.24-1.20 
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The airgap flux density B,, = 0.75 T (the fundamental value). On the other hand, the airgap electro- 
magnetic force (emf) E, per phase is as follows: 


E, = K Vey N35 


(3.8) 
K, =0.97-0.98 
a u | 
E,= AGW K yg By Tl, (3.9) 
where T is the pole pitch: 
T=AD,, / 2p, =7-0.52/ (2-2) =0.40 m (3.10) 
Ky, is the total winding factor: 
sinzt/6 . Wy 
wi sinz / 6q ee pige 
4 (3.11) 
Beat 
3. 


where 
q, is the number of slot/pole/phase in the stator 
y/T is the stator coil span/pole pitch ratio 


As the stator current is rather large, we are inclined to use a, = 2 current paths in parallel in the stator. 
With two current paths in parallel, full symmetry of the windings with respect to stator slots may be 
provided. For the time being, let us adopt Ky, = 0.910. Consequently, from Equation 3.9, the number 
of turns per current path W,, is as follows: 


97 X 
Ww - 0.97 690/ V3 = 19.32 turns (3.12) 


V2 x50x0.910x 2X 0.75 x 0.52 x 0.4 


Adopting q, = 5 slots/pole/phase, a two-layer winding with two conductors per coil, n, = 2, 


2 2-2 
W = Pe = 5 5 2=20 (3.13) 


a, 


The final number of turns/coil is n,, = 2, q, = 5, with two symmetrical current paths in parallel. The 
North and South Poles constitute the paths in parallel. 

Note that the division of a turn into elementary conductors in parallel with some transposition to 
reduce skin effects will be discussed later in this chapter. 

The stator slot pitch is now computable: 


oa gc o.0266 m (3.14) 
3q, 3.5 


The stator winding factor Ky, may now be recalculated if only the y/T ratio is fixed: y/t = 12/15, very 
close to the optimum value, to reduce to almost zero the fifth-order stator mmf space harmonic: 


_ sinz/6 ‘ 
WI Ssin(a /6-5) 


in = =0.9566-0.951 = 0.9097 (3.15) 


This value is very close to the adopted one, and thus, n., = 2 and q, = 5, a, = 2 hold. The number of slots 
N, is as follows: 


N, = 2p,q,m=2-2-5-3= 60 slots (3.16) 
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As expected, the conditions to full symmetry N,/m,q, = 60/(3 x 2) = 10 = integer, 2p,/a, = 2 x 2/2 = 
integer are fulfilled. 


The stator conductor cross-section A... is as follows: 


cos 


I 
Ans aa (3.17) 
1 cos 


With the design current density j,,, = 6.5 A/mm’, rather typical for air cooling: 


1675.46 
A = 


= 128.88 mm (3.18) 
os 2-65 


Open slots in the stator are adopted but magnetic wedges are used to reduce the airgap flux density 
pulsations due to slot openings. 
In general, the slot width W,/t, = 0.45 to 0.55. Let us adopt W,/T, = 0.5. The slot width W, is 


W. 
W. (“Js = 0.5-0.02666 = 0.01333 m (3.19) 
T. 


Ss 
s 


There are two coils (four turns in our case) per slot (Figure 3.1). 
As we deal with a low voltage stator (690 V, line voltage RMS), the total slot filling factor, with 
rectangular cross-sectional conductors, may be safely considered as Ky, ~ 0.55. 


Slot liner 
Axial cooling 
channel 
h, 
A 
Ler: 
Interlayer 
hgy liner 
Wedge (magnetic) 
y 


FIGURE 3.1 Stator slotting geometry. 
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The useful (above wedge) slot area A,,, is 


_ 2A, —2X2X128.88 


m cl cos = 937 mm (3.20) 
Ke 0.55 
The rectangular slot useful height h,, is straightforward: 
A 
=— a7 95 5i6 mm (3.21) 
“  W 13.33 


b 


The slot aspect ratio h,,/W, = 70.315/13.33 = 5.275 is still acceptable. The wedge height is about 
h,, = 3 mm. Adopting a magnetic wedge leads to the apparent reduction of slot opening from W, = 13.33 
mm to about W, = 4 mm, as detailed later in this chapter. 

The airgap g is 


su 


g ~(0.140.0123/S,, 10 = (0.1+ 0.00124 2-10° 10° = 1.612 mm (3.22) 


With a flux density B,=1.55 T in the stator back iron, the back core stator height h,, (Figure 3.1) may 
be calculated as follows: 


Bt : 
ap Ue 50a (3.23) 
“ 7B 1 
The magnetically required stator outer diameter D) jj, 18 
a = D, + 2(h,, + h,, + h,) 
: : (3.24) 


= 0.52 + 2(0.07315 + 0.003 + 0.0637) = 0.7997 = 0.8m 


This is roughly equal to the value calculated from Table 3.1 (Equation 3.6). 

The stator core outer diameter may be increased by the double diameter of axial channels for venti- 
lation, which might be added to augment the external cooling by air flowing through the fins of the cast 
iron frame. 

As already inferred, the rectangular axial channels, placed in the upper part of stator teeth (Figure 3.1), 
can help improve the machine cooling once the ventilator of the shaft is able to flow part of the air 
through these stator axial channels. 

The division of a stator conductor (turn) with a cross-section of 128.8 mm? is similar to the case of 
synchronous generator design in terms of transposition to limit the skin effects. Let us consider four 
elementary conductors in parallel. Their cross-sectional area A,,,, is as follows: 


‘cose 


A= 
cose 4 


A,, 128.8 _ ‘ 
aa ta 32.2 mm (3.25) 


Considering only a,,= 12 mm, out of the 13.33 mm slot width available for the elementary stator 
conductor, the height of the elementary conductor h,, is as follows: 


A. 32.2 
Ah = = =“ = 2.68 mm (3.26) 
se a 12 


ce 
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Without transposition and neglecting coil chording the skin effect coefficient, with m, = 16 layers 
(elementary conductors) in slot, is as follows [1]: 


(m? -1) 
Kine = 91S) —S— we) (3.27) 
OUO. a 
= h ;B= 0" co, ce 
= Bh B= |e 
(3.28) 
7 —6 
- 50-43-10" -1.256-10% 12 _ 9 ces vrgtyt 
2 3 
Finally, € = Bh, = 0.6964-10* x 2.68-10°* = 0.1866. With, 
(sinh 2& + sin 26) 
= = 1.00 3.29 
o(é) + (cosh 2E—cos28) Oe 
(sinh€—sing) 4 
=2 =5.55x10 3.30 
w(é) (cosh&+ cos€) GoD) 
From Equation 3.27, Kame is 
(16° —1) 


K ye = 1.00 “5.55 -10 = 1.04675 


The existence of four elementary conductors (strands) in parallel leads also to circulating currents. 
Their effect may be translated into an additional skin effect coefficient K,,, [1]: 


cn 4 


2 

2 

K_, = 4B! vf; | ge Ut cosy) (3.31) 
turn 

where 

Lun 1S the coil turn length 

n., is the number of turns per coil 

y is the phase shift between lower and upper layer currents (y = 0 for diametrical coils; it is (— yt) 

for chording coils) 2 


With b/s = 0-4; 1, = 2, h,,= 2.68 X 10m, and B= 0.6964 x 10-? m7! (from Equation 3.28), K,,,q is as follows: 


1+cos18")’ 
K 4 = 4: (0.6964: 10° -2.68-10"°)*-0.4” 2? Presi. = 0.01847 ! (3.32) 
The total skin effect factor Kpy is 
l k 
Ky = 1+ Kagy DTS + Kogg = 14 (1.04675 — 1)0.4-+ 0.01847 = 1.03717 (3.33) 


turn 
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FIGURE 3.2. Slot allocation to phases for N, = 60 slots, 2p, = 4 poles, and m = 3 phases. 


It seems that, at least for this design, no transposition of the four elementary conductors in parallel 
is required, as the total skin effect winding losses add only 3.717% to the fundamental winding losses. 
The stator winding is characterized by the following: 


+ Four poles 

* 60 slots 

* q, = 5 slots/pole/phase 

* Coil span/pole pitch y/t = 12/15 

* a, = 2 symmetrical current paths in parallel 


With tf, equal to the largest common divisor of N, and p, = 2, there are N,/t, = 60/2 = 30 distinct slot 
emfs. Their star picture is shown in Figure 3.2. They are distributed to phases based on 120° phase 
shifting after choosing N,/2m, = 60/(2 x 3) = 10 arrows for phase a and positive direction (Figure 3.3a 
and Figure 3.3b). 


3.4 Rotor Design 


The rotor design is based on the maximum speed (negative slip)/power delivered, Ppy, at the correspond- 
ing voltage Vey = Vsy. Besides, the WRIG is designed here for unity power factor in the stator. So, all the 
reactive power is provided through the rotor. Consequently, the rotor also provides for the magnetization 
current in the machine. 

For Vay = Voy at Sinax the turns ratio between rotor and stator K,, is obtained: 


me u = ! =40 
"  WKy, Six) 0-25 


(3.34) 


max 
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i 
Ay 


FIGURE 3.3 (a) Half of coils of stator phases A and (b) their connection to form two current paths in parallel. 


(b) 


Now the stator rated current reduced to the rotor I’, is as follows: 


a 
SN K 


rs 


I 1675.46 
= NES 2 = 418.865 A (3.35) 


The rated magnetization current depends on the machine power, number of poles, and so forth. At 
this point in the design process, we can assign I,,’ (the rotor-reduced magnetization current) a per unit 
(P.U.) value with respect to Igy: 


Bs , 
is Pe Ky 


(3.36) 
K. =0.1-0.30 


m 
Let us consider here K,, = 0.30. Later on in the design, K,,, will be calculated, and then adjustments 
will be made. 
So, the rotor current at maximum slip and rated rotor and stator delivered powers is as follows: 


IR = 12 +1? = 1 1+ K? = 418.8651 + 0.30° = 437.30 A (3.37) 


The rotor power factor cos@,y is 


Px 500000 
R 
V3V gle, V3-690-437.30 


cos@,. = = 0.9578 (3.38) 
Pn 
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It should be noted that the oversizing of the inverter to produce unity power factor (at rated power) in 
the stator is not very important. 

Note that, generally, the reactive power delivered by the stator Q, is requested from the rotor circuit 
as SQ). 

If massive reactive power delivery from the stator is required, and it is decided to be provided from 
the rotor-side bidirectional converter, the latter and the rotor windings have to be sized for the scope. 

When the source-side power factor in the converter is unity, the whole reactive power delivered by the 
rotor-side converter is “produced” by the DC link capacitor, which needs to be sized for the scope. 

Roughly, with cos@, = 0.707, the converter has to be oversized at 150%, while the machine may deliver 
almost 80% of reactive power through the stator (ideally 100%, but a part is used for machine magnetization). 

Adopting Vay = Voy at S,,,, eliminates the need for a transformer between the bidirectional converter 
and the local power grid at Voy. 

Once we have the rotor-to-stator turns ratio and the rated rotor current, the designing of the rotor 
becomes straightforward. 

The equivalent number of rotor turns W,Ky, (single current path) is as follows: 


W,K,,, =W,,Ky,/K,, = 20% 0.908 x 4 = 72.64 turns/phase (3.39) 


2 


The rotor number of slots Nz should differ from the stator one, Ng, but they should not be too different 
from each other. 

As the number of slots per pole and phase in the stator q, = 5, for an integer q,, we may choose q, = 4 
or 6. We choose q, = 4. So, the number of rotor slots Nz is as follows: 


N, = 2pymq, =2-2-3-4=48 (3.40) 
With a coil span of Y;/t = 10/12, the rotor winding factor (no skewing) becomes 


sint/6 . H Vp 0.5 . a 10 
= “sin . = “SI . 


WO” Sa 6 2 Tt m2 12 
tb ‘tb sin (3.41) 


= 0.95766 - 0.9659 = 0.925 


From Equation 3.39, with Equation 3.41, the number of rotor turns per phase W, is 


W,K,,, 72.64 
ee a POE ysset) (3.42) 
K 0.925 


The number of coils per phase is N,/m, = 48/3 = 16. With W, = 80 turns/phase it follows that each 
coil will have n,, turns: 


Ne = A SOO 5 turns/coil (3.43) 
(N,/m,) 16 


So, there are ten turns per slot in two layers and one current path only in the rotor. 
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Adopting a design current density ,,,, = 10 A/mm? (special attention to rotor cooling is needed) and, 
again, a slot filling factor Ky = 0.55, the copper conductor cross-section Aco and the slot useful area 
Agorur are as follows: 


_ Tey _ 4343 


=43.4mm (3.44) 
10 


J COR 


2n_,A 2x5x 43.40 
Agour 7 ue = 789.09 mm (3.45) 
Ki 0.55 


The rotor slot pitch T, is 


. m(D,, — 2g) _ W(0.52—2-0.001612) 
a N 48 


R 


= 0.033805 m (3.46) 


Assuming that the rectangular slot occupies 45% of rotor slot pitch, the slot width We is 
W, = 0.457, = 0.45 x 0.033805 = 0.0152 m (3.47) 


The useful height hg, (Figure 3.4) is, thus, 


Ajuur _ 789.09 


h = ‘slotUR 


ae We °° 55,20 


=51.913 mm (3.48) 


This is an acceptable (Equation 3.48) value, as hgyj/Wp < 4. 

Open slots have been adopted, but, with magnetic wedges (uu, = 4 to 5), the actual slot opening is 
reduced from Wz = 15.2 mm to about 3.5 mm, which should be reasonable (in the sense of limiting the 
Carter coefficient and surface and flux pulsation space harmonics core losses). 

We need to verify the maximum flux density B,,g,,,, in the rotor teeth at the bottom of the slot: 


B,-T 
= Bei Fag is 331805 


ce “" 14.42 


= 2.22 T (3.49) 


Magnetic wedges 


FIGURE 3.4 Rotor slotting. 
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nD, -2(gth,, +p) 
tRmin = N Ww, 
R 


_ #(0.520—2(0.001612 + 0.05191) + 0.003) 
48 


0.0152 (3.50) 
=11.42x10°m 


Though the maximum rotor teeth flux density is rather large (2.2 T), it should be acceptable, because it 
influences a short path length. 
The rotor back iron radial depth h;, is as follows: 


— Bet _ 075-04 


CR 
1 Ber 


= 0.0597 = 0.06 m (3.51) 


The value of rotor back iron flux density B., of 1.6 T (larger than in the stator back iron) was adopted, 
as the length of the back iron flux lines is smaller in the rotor with respect to the stator. 
To see how much of it is left for the shaft diameter, calculate the magnetic back iron inner diameter D,,: 


Dp =D. -2(g +g, + lay thee) or 
= 0.52 — 2(0.001612 + 0.05191 + 0.003 + 0.06) = 0.287 m 


This inner rotor core diameter may be reduced by 20 mm (or more) to allow for axial channels — 10 mm 
(or more) diameter — for axial cooling, and thus, 0.267 m (or slightly less) are left of the shaft. It should 
be enough for the purpose, as the stack length is J, = D;, = 0.52 m. 

The rotor winding design is straightforward, with q, = 4, 2p, = 4 and a single current path. The cross- 
section of the conductor is 43.20 mm/?, and thus, even a single rectangular conductor with the width 
b.,< Wz = 13 mm and its height h,, = A,,,/b,, = 43.40/13 = 3.338 mm, will do. 

As the maximum frequency in the rotor fomax =f | Snax/= 50+ 0.25 = 12.5 Hz, the skin effect will be even 
smaller than in the stator (which has a similar elementary conductor size), and thus, no transposition 
seems to be necessary. 

The winding end connections have to be tightened properly against centrifugal and electrodynamic 
forces by adequate nonmagnetic bandages. 

The electrical rotor design also contains the slip-rings and brush system design and the shaft and 
bearings design. These are beyond our scope here. Though debatable, the use of magnetic wedges on the 
rotor also seems doable, as the maximum peripheral speed is smaller than 50 m/sec. 


3.5 Magnetization Current 


The rated magnetization current was previously assigned a value (30% of Is,). By now, we have the 
complete geometry of stator and rotor slots cores, and the magnetization mmf may be considered. Let 
us consider it as produced from the rotor, though it would be the same if computed from the stator. 

We start with the given airgap flux density B,, = 0.75 T and assume that the magnetic wedge relative 
permeability zp, = 3 in the stator and ppp = 5 in the rotor. Ampere’s law along the half of the [ contour 
(Figure 3.5), for the main flux, yields the following: 


TW2 


W2 RO = (Fo +E yy + Bye + Eye t Fyre) (3.53) 
Tp, 


p 3K 


m 
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Axial rotor channel 


FIGURE 3.5 Main flux path. 


where 

Fyy is the airgap mmf 

F,, is the stator teeth mmf 

Fy is the stator yoke mmf 

Fy» is the rotor tooth mmf 
Fyc is the rotor yoke mmf 


The airgap mmf F,,, is as follows: 


K, is the Carter coefficient: 


C1,2 


= 1l- %3 gi 2T, 


— (2We lg) 


no" Sy 2W, 1g 


The equivalent slot openings, with magnetic wedges, W, and W,, are as follows: 


WwW, = W,/ ps 
Wy = Wa! Her 
where 
T,, = 26.6, 33.8 mm 
g= 1.612 mm 


Wg = 13.2/3 = 4.066 mm 

We = 15.2/5 = 3.04 mm (from Equation 3.56 through Equation 3.58) 
Ke = 1.0826 

Ke = 1.040 
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Stator axial channel 


3-13 


(3.54) 


(3.55) 


(3.56) 
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Finally, 
Ke = Ka Kg = 1.0826 x 1.04 = 1.126 (3.57) 


This is a small value that will result, however, in smaller surface and flux pulsation core losses. The small 
effective slot opening, W, and W, will lead to larger slot leakage inductance contributions. This, in turn, 
will reduce the short-circuit currents. 

The airgap mmf (from Equation 3.54) is as follows: 


awn lee = 1083.86 Aturns 
1.256 x10 


= 3 
F,,, =1.61210~ -1.126 
The stator and rotor teeth mmf should take into consideration the trapezoidal shape of the teeth and 
the axial cooling channels in the stator teeth. 
We might suppose that, in the stator, due to axial channels, the tooth width is constant and equal to 
its value at the airgap W,, = T,-W, = 26.6 —13.2 = 13.4 mm. So, the flux density in the stator tooth B,, is 


B_=B_ xt. /W Sige 
ts gl Ss ts 0.0134 


= 1.4888 T (3.58) 


From the magnetization curve of silicon steel (3.5% silicon, 0.5 mm thickness, at 50 Hz; Table 3.2), 
H,, = 1290 A/m by linear interpolation. 
So, the stator tooth mmf F,, is 


Fyn = Hyg‘ (Rg, + Roy) = 1290(0.070357 + 0.003) = 94.62 Aturns (3.59) 


The stator back iron flux density was already chosen: B,, = 1.5 T. 
H., (from Table 3.2) is H,, = 1340 A/m. The average magnetic path length / 


csw 


is as follows: 


mD. —-h if 
( gee (D,,,—h,) _ 2 (0.780 0.0637) _ 9 19966 m (3.60) 
an 8" "2e2p 3 D:D 


So, the stator back iron mmf Fy is 


Fy. = H,,+1,,, =1340-0.19266 ~ 258.17 Aturns (3.61) 


BC cs 


TABLE 3.2. B—H Curve for Silicon (3.5%) Steel (0.5 mm thick) at 50 Hz 


B(T) 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 


H(A/m) 22.8 35 45 49 57 65 70 76 83 90 
B(T) 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 
H(A/m) 98 106 115 124 135 148 162 177 198 220 
B(T) 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 
H(A/m) 237 273 310 356 417 482 585 760 1050 1340 
B(T) 1.55 1.6 1.65 V7 1.75 1.8 1.85 1.9 1.95 2.0 


H(A/m) 1760 2460 3460 4800 6160 8270 11,170 15,220 22,000 34,000 
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In the rotor teeth, we need to obtain first an average flux density by using the top, middle, and bottom 
tooth values B,,,, B,g,,. and Bp: 


trp 


T 0.0338 
B,, = B= 0.75 ____-=1.3629T 
ms Ww, (0.0338 — 0.0152) 
T .033 
am = B= = 0.75- Dees = 1.68887 T (3.62) 
EE as 0.01501 
T 0.0338 
Bag = Bi * 075 =2.2T 
OW es! 0.01142 
The average value of B,, is as follows: 
Bip = (Big + Brgy + 4Bigy,) / 6 = (1.3629 + 2.2 + 4X 1.68887) / 6 = 1.7197 ~1.72T (3.63) 


From Table 3.2, H,, = 5334 A/m. The rotor tooth mmf Fy» is, thus, 


Eyy = Hy, X py + Rew ) = 5334(0.0519 + 0.003) = 292.8366 Aturns (3.64) 


Finally, for the rotor back iron flux density Bp, = 1.6 T (already chosen), Hep = 2460 A/m, with the 
average path length J..,, as below: 


2M Daag thee +001) 2 (0,267 +0.01+ 0.06) 


1 = 0.088 m 3.65 
CRav 3 2-2p, 3 F959 ( ) 
The rotor back iron mmf Fy-, 
Foye = Hy logy = 2460- 0.088 = 216.92 At (3.66) 


The total magnetization mmf per pole F,, is as follows (Equation 3.55): 


F = 1083.86 + 94.62 + 258.17 + 292.8366 + 216.92 = 1946.40 Aturns/pole 

It should be noted that the total stator and rotor back iron mmfs are not much different from each 
other. However, the stator teeth are less saturated than the other iron sections of the core. The uniform 
saturation of iron is a guarantee that sinusoidal airgap tooth and back iron flux densities distributions 
are secured. Now, from Equation 3.55, the no-load (magnetization) rotor current I, might be calculated: 


1 at EP _ 19464 x2 
*0"" 3W,-K,,,-V2  3:80-0.925-1.41 


= 39.05 A (3.67) 


The ratio of Ip) to Is, (Equation 3.35; stator current reduced to rotor), K,,, is, in fact, 


Fig __ 39.05 
mT 418.865 


= 0.09322 < 0.3 (3.68) 
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The initial value assigned to K,,, was 0.3, so the final value is smaller, leaving room for more saturation 
in the stator teeth by increasing the size of axial teeth cooling channels (Figure 3.1). Alternatively, the 
airgap may be increased up to 3 mm if so needed for mechanical reasons. 

The total iron saturation factor K, is 


— Pygt Fact Fy t Fy) _ (94.62 + 258.17 + 292.5366 + 216.92) 
s F 1083.66 


‘AA’ 


K = 0.79568 (3.69) 


So, the iron adds to the airgap mmf 79.568% more. This will reduce the magnetization reactance X,,, 
accordingly. 


3.6 Reactances and Resistances 


The main WRIG parameters are the magnetization reactance X,,, the stator and rotor resistances R, and 
R, and leakage reactances X, and X,, reduced to the stator. The magnetization reactance expression is 
straightforward [1]: 


6, (W, 


la 


Kys) tl, 
np, gK (1+ K,) 


m 


(3.70) 
6-1.256 X10°(20- 0.908)" -0.4-0.52 


mW? -2-1.612-10 X1.126 x (1+ 0.79568) - 2 


= 8.0428 x10° H 


X,, =2-m-50-8.0428-10° = 2.5254 Q 


n 


The base reactance X, = V.. /I,,, =690/ (V3 -1675.46) = 0.238 Q. As expected, x,, = X,,,/X,, = 2.5254/0.238 = 
10.610 = I,y/Ipg from Equation 3.67. 

The stator and rotor resistances and leakage reactances strongly depend on the end connection geom- 
etry (Figure 3.6). The end connection |, on one machine side, for the stator winding coils, is 


Bt 
li, = 2(1, +1,)+mh, = fs ee +ih, 


(3.71) 


= 2(0.015+0.8X0.4/ 2cos 40°) + 7-0.07035 = 0.668 m 


Y= hg 


B, = y/t = 12/15 = 4/5 


——_— 


hy = 70.35 mm 


FIGURE 3.6 Stator coil end connection geometry. 
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The stator resistance R, per phase has the following standard formula (skin effect is negligible as shown 
earlier): 


ad i ag 

cos 1 
(3.72) 

3 = 
_ 18-10% (100-20) ) 20-2(0.52+0.668) _ 9 pg .192 © 
2 272 128.88-10° 
The stator leakage reactance X, is written as follows: 
= Z = 2 N, 

x, ~ OL 5L, a H,(2n,,) : l(a, ac Aas + A.) : m a (3.73) 


Leal 


where n,, = 2 turns/coil, J; = 0.52 m (stack length), N, = 60 slots, m, = 3 phases, and a, = 2 stator current 
paths. A,, ,,,» and A,, are the slot, end connection, and differential geometrical permeance (nondimen- 


sional) coefficients. 
For the case in point [1], 


h h 70.35 3 
= 7 + 


su Sw 


= = = 2.2806 (3.74) 
* 3W) Wl 3-15.2  4.066 


1,1 = 0.34-q, (I, — 0.6481)/I, 
as (3.75) 
= 0.34x5(0.668—0.64%0.8X0.4)/0.52 = 1.5143 


The differential geometrical permeance coefficient 4,,[1] may be calculated as follows: 


7 0.9-7.(¢.K y):K oO, 


A wi (3.76) 
ds Kg 
4.066° 
K,, =1-0.033( W?/gr,)=1-0.033-—*°°° __ = 9.9873 
nie": 1.612-26.66 


The coefficient 0,, is the ratio between the differential and magnetizing inductance and depends on q, 
and chording ratio B. For q, = 5 and B = 0.8 from Figure 3.7 [1], o,, = 0.0042. 
Finally, 


2 0.9-0.0266(5- 0.908)" -0.9873 0.0042 
. 1.126-1.612x107 


1.127 


The term A,, generally includes the zigzag leakage flux. 
Finally, from Equation 3.73, 


0 
L, = 1.256 10°§(2- 2)? -0.52(2.2806 + 1.5143+1.127)- = =0.257:10°H 


As can be seen, L,/L,, = 0.257 X 10-3/(8.0428 x 10-3) = 0.03195. 


© 2006 by Taylor & Francis Group, LLC 


3-18 Variable Speed Generators 


0.030 


hes a 


uA 
N 


0.026 


’ 
Z 
\ 
\ 


4 
I 
”|¢ 
\ 


4 
e 
\ 
+ 
\ 
\ 


0.004 


as es as a ee as a ee 
\ 


FIGURE 3.7 Differential leakage coefficient 0,. 


SI 


in a similar way as in Equation 3.71: 
Ll, =2(, + B.t/2cosa)+n(h,, + hpy) 


10x 0.4 


=2 QOS a 
12x2xcos 40 


} (0.0519 + 0.003) = 0.6375 m 


The rotor resistance expression is straightforward: 


W, -2 80 - 2(0.52 + 0.6775) 
r 2 -8 2 
Re = Page Gy +h) =1.8-10% = 768-107 2 


cor 


Expression 3.73 also holds for rotor leakage inductance and reactance: 


N 
os x H,(2n,,)° : I Aga Aendr + Nar ) ie 


1 


_ ey, Paw _ 51.93, 3 


=2,1256 
Sk 3W, W,  3:15.2  3.04 


2 nap = 0-344, (1, ~ 0.648,.7)/I, 


endR 
5 
= 0.34- 4] 0.6375 — 0.64- a -0.4 1/0.52 


= 1.1093 


2 
= 0.97 (4K w2) ‘Ky ‘Oar 
Keg 


A 


dR 
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Xj = @,Ly = 21 50 x 0.257 x 10 = 0.0807 Q . The rotor end connection length J, may be computed 


(3.77) 


(3.78) 


(3.79) 


(3.80) 


(3.81) 


(3.82) 
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with Oj, = 0.0062 (q, = 4, Bp = 5/6) from Figure 3.7: 


K,, =1-0.033(W,, )gt,, = 1—0.033(3.04*/(1.612-33.8)) = 0.994 (3.83) 


_ 0.9:33.8(4-0.925)° -0.994-0.0062 
me 1.126-1.612 


=1.413 


From Equation 3.79, L’y is 


RI 


48 
L’, =1.256-10° (2-5) -0.52(2.1256 + 1.1093 + 1.413): s = 4.858-10° H 


r r 3 
X), =@,L, = 2m -50-4.858-10° = 1.525 Q 


Noting that R’,, L’,, and Xp, are values obtained prior to stator reduction, we may now reduce them 
to stator values with K,, = 4 (turns ratio): 


7.68-10° 
_—_pr a = —2 
R, = Ri Ki. 0.48 x107 Q 
4.858-10° 
—jyr Dy °c _ 3 
Ly =L,,/Ki, = ae 0.303x10° H (3.84) 
228 


r 2 
Xp = X2/ Kp =e NO 


Let us now add here the R,, Ly, X,, L,,» and X,, to have them all together: R, = 0.429 x 10° Q, Ly = 
0.257 x 10H, X, = 0.0807 Q, L,, = 8.0428 x 10H, and X,, = 2.5254Q. 

The rotor resistance reduced to the stator is larger than the stator resistance, mainly due to notably 
larger rated current density (from 6.5 A/mm? to 10 A/mm’), despite shorter end connections. 

Due to smaller q, than q,, the differential leakage coefficient is larger in the rotor, which finally leads 
to a slightly larger rotor leakage reactance than in the stator. 

The equivalent circuit may now be used to compute the power flow through the machine for generating 
or motoring, once the value of slip S and rotor voltage amplitude and phase are set. We leave this to the 
interested reader. In what follows, the design methodology, however, explores the machine losses to 
determine the efficiency. 


3.7 Electrical Losses and Efficiency 


The electrical losses are made of the following: 


+ Stator winding fundamental losses: p,,, 
+ Rotor winding fundamental losses: p,,, 
+ Stator fundamental core losses: Pj... 

* Rotor fundamental core losses: Pj,onr 

+ Stator surface core losses: p;,.,°5 

* Rotor surface core losses: Piro” 

+ Stator flux pulsation losses: pj,.,°? 

* Rotor flux pulsation losses: pj...” 

* Rotor slip-ring and brush losses: p,,, 
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As the skin effect was shown small, it will be considered only by the correction coefficient Kp = 1.037, 
already calculated in Equation 3.33. For the rotor, the skin effect is neglected, as the maximum frequency 
Simaxf; = 0.25f,. In any case, it is smaller than in the stator, because the rotor slots are not as deep as the 
stator slots: 


Peo = 3K pRslin = 31.037 X 0.429- 107 - (1675.46) 
(3.85) 
= 37464.52W = 37.47 kw 


=3R°2? =3x7.62-107 -(437.3)° 
Poor R~ RN (3.86) 
= 43715.47W = 43.715 kW 


The slip-ring and brush losses p,, are easy to calculate if the voltage drop along them is given, say 
Vp = 1 V. Consequently, 


Dp, = 3V. T® =3x1x 437.3 =1311.9 W =1.3119 kW (3.87) 


SR’R 


To calculate the stator fundamental core losses, the stator teeth and back iron weights G,, and G., are 
needed: 


G.= [live 2(h,, +h,,))* — D? ]-Nsx(h,, + ht 


= [-[iose 2(70.315+3)10°) ]- 60 X (70.3154 3)10° 13310| -0.52-7600 (3.88) 
= 313.8 kg 


G., UD, _ h.)x h., x I x Y, 


= 11(0.8— 0.0637) x 0.0637 - 0.52: 7600 (3.89) 
= 582 kg 


iron 


The fundamental core losses in the stator, considering the mechanical machining influence by fudge 
factors such as K, = 1.6 to 1.8 and K, = 1.3 to 1.4, are as follows [1]: 


15 
i 2 2 
a = Projs0 [4 (K,B ; G,, - K,BG,} (3.90) 


With B,, = 1.488 T, B., = 1.5 T, f, = 50 Hz, and pjo/59 = 3 W/kg (losses at 1 T and 50 Hz), 


1.3 
Pi.=3x [2] [1.6 (1.488) - 313.8 +1.3-(1.5)° 582] = 8442 W = 8.442 kW 


The rotor fundamental core losses may be calculated in a similar manner, but with f, replaced by Sf, 
and introducing the corresponding weights and flux densities. 

As the S,,,, = 0.25, even if the lower rotor core weights will be compensated for by the larger flux 
densities, the rotor fundamental iron losses would be as follows: 


<S°_-P 


ironr max ~ irons 


1 
Fig eee kW (3.91) 
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The surface and pulsation additional core losses, known as strayload losses, are dependent on the slot 
opening/airgap ratio in the stator and in the rotor [1]. In our design, magnetic wedges reduce the slot- 
openings-to-airgap ratio to 4.066/1.612 and 3.04/1.612; thus, the surface additional core losses are 
reduced. For the same reason, the stator and rotor Carter coefficients K., and K,, are small (K, x Ky = 
1.126), and therefore, the flux-pulsation additional core losses are also reduced. 

Consequently, all additional losses are most probably well within the 0.5% standard value (for detailed 
calculations, see Reference [1], Chapter 11) of stator rated power: 


0.5 
Pata = Pion * Pron * Pron * Pron = 9p 2000"10° = 10000 W = 10 KW (3.92) 


Thus, the total electrical losses Xp, are 


LP, = Peos + Poor + Pirons + Pironr + Poa + Pex 


(3.93) 
= 37.212 + 43.715 + 8.442 +104 0.527 +1.3119 = 101.20 kW 
Neglecting the mechanical losses, the “electrical” efficiency 1, is 
aes 2+0.5)10° 
7 = Gated = 0.9616 (3.94) 


6 6 
P. +P, +Xp,  (2+0.5)10° +0.101-10 


This is not a very large value, but it was obtained with the machine size reduction in mind. 

It is now possible to redo the whole design with smaller f,, (rotor shear stress), and lower current 
densities to finally increase efficiency for larger size. The length of the stack J; is also a key parameter to 
design improvements. Once the above, or similar, design methodology is computerized, then various 
optimization techniques may be used, based on objective functions of interest, to end up with a satis- 
factory design (see Reference 1, Chapter 10). 

Finite element analysis (FEA) verifications of the local magnetic saturation, core losses, and torque 
production should be instrumental in validating optimal designs based on even advanced analytical 
models of the machine. 

Mechanical and thermal designs are also required, and FEA may play a key role here, but this is beyond 
the scope of our discussion [2, 3]. Also, uncompensated magnetic radial forces have to be checked, as 
they tend to be larger in WRIG (due to the absence of rotor cage damping effects) [4]. 


3.8 Testing of WRIGs 


The experimental investigation of WRIGs at the manufacturer’s or user’s sites is an indispensable tool to 
validate machine performance. 

There are international (and national) standards that deal with the testing of general use induction 
machines with cage or wound rotors (International Electrotechnical Commission [IEC]-34, National 
Electrical Manufacturers Association [NEMA] MG1-1994 for large induction machines). 

Temperature, losses, efficiency, unbalanced operation, overload capability, dielectric properties of 
insulation schemes, noise, surge responses, and transients (short-circuit) responses are all standardized. 

We avoid a description of such tests [5] here, as space would be prohibitive, and the reader could read 
the standards above (and others) by himself. Therefore, only a short discussion, for guidance, will be 
presented here. 

Testing is performed for performance assessment (losses, efficiency, endurance, noise) or for parameter 
estimation. The availability of rotor currents for measurements greatly facilitates the testing of WRIGs 
for performance and for machine parameters. On the other hand, the presence of the bidirectional power 
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flow static converter connected to the rotor circuits, through slip-rings and brushes, poses new problems 
in terms of current and flux time harmonics and losses. 

The IGBT static converters introduce reduced current time harmonics, but measurements are still 
needed to complement digital simulation results. 

In terms of parameters, the rotor and stator are characterized by single circuits with resistances and 
leakage inductances, besides the magnetization inductance. The latter depends heavily on the level of 
airgap flux, while the leakage inductances decrease slightly with their respective currents. _ 

As for WRIGs, the stator voltage and frequency stay rather constant, and the stator flux ‘; varies only 
a little. The airgap flux Yn 


Yn =P —L,Ts (3.95) 
varies a little with load for unity stator power factor: 
LR,+V,+ j@,L,1, =-jo, Ym (3.96) 


The magnetic saturation level of the main flux path does not vary much with load. So, L,, does not vary 
much with load. Also, unless I,/I,, > 2, the leakage inductances, even with magnetic wedges on slot tops, do 
not vary notably with respective currents. So, parameters estimation for dealing with the fundamental 
behavior is greatly simplified in comparison with cage rotor induction motors with rotor skin effect. 

On the other hand, the presence of time harmonics, due to the static converter of partial ratings, 
requires the investigation of these effects by estimating adequate machine parameters of WRIG with 
respect to them. Online data acquisition of stator and rotor currents and voltages is required for the scope. 

The adaptation of tests intended for cage rotor induction machines to WRIGs is rather straightforward; 
thus, the following may all be performed for WRIGs with even better precision, because the rotor 


parameters and currents are directly measurable (for details see Reference [1], Chapter 22): 


* Loss segregation tests 

* Load testing (direct and indirect) 
+ Machine parameter estimation 
Noise testing methodologies 


3.9 Summary 


+ WRIGs are built for powers in the 1.5 to 400 MW and more per unit. 

+ With today’s static power converters for the rotor, the maximum rotor voltage may go to 4.2 to 
6 kV, but the high-voltage direct current (HVDC) transmission lines techniques may extend it 
further for very high powers per unit. 

* For stator voltages below 6 kV, the rotor voltage at maximum slip will be adapted to be equal to 
stator voltage; thus, no transformer is required to connect the bidirectional AC—AC converter in 
the rotor circuit to the local power grid. This way, the rotor current is limited around |S, | I 
I, rated stator current. 

+ If stator unity power factor is desired, the magnetization current is provided in the rotor; the rotor 
rated current is slightly increased and so is the static converter partial rating. This oversizing is 
small, however (less than 10%, in general). 

+ For massive reactive power delivery by the stator, but for unity power factor at the converter 
supply-side terminals, all the reactive power has to be provided via the capacitor in the DC link, 
which has to be designed accordingly. As for Q, reactive power delivered by the stator, only SQ, 
has to be produced by the rotor, and the oversizing of the rotor connected static power converter 
still seems to be reasonable. 


SN? 
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The electromagnetic design of WRIGs as generators is performed at maximum power at maximum 
(supersynchronous) speed. The torque is about the same as that for stator rated power at syn- 
chronous speed (with DC in the rotor). 

The electromagnetic design basically includes stator and rotor core and windings design, magne- 
tization current, circuit parameter losses, and efficiency computation. 

The sizing of WRIGs starts with the computation of stator bore diameter D,,, based either on 
Esson’s coefficient or on the shear rotor stress concept f,, = 2.5 to 8 N/cm?. The latter path was 
taken in this chapter. Flux densities in airgap, teeth, and back irons were assigned initial values, 
together with the current densities for rated currents. (The magnetization current was also assigned 
an initial P.U. value.) 

Based on these variables, the sizing of the stator and the rotor went smoothly. For the 2.5 MW 
numerical example, the skin effect in the stator and rotor were proven to be very small (<4%). 
The magnetization current was recalculated and found to be smaller than the initial value, so the 
design holds; otherwise, the design should have been redone with smaller f,.. 

Rather uniform saturation of various iron parts — teeth and back cores — leads to rather 
sinusoidal time waveforms of flux density and, thus, to smaller core losses in a heavily saturated 
design. This was the case for the example in this chapter. 

The computation of resistances and leakage reactances is straightforward. It was shown that the 
differential leakage flux contribution (due to mmf space harmonics) should not be neglected, as 
it is important, though q, = 5, q, = 4 and proper coil chording is applied both in the stator and 
in the rotor windings. 

Open slots were adopted for both the stator and the rotor for easing the fabrication and insertion 
of windings in slots. However, magnetic wedges are mandatory to reduce additional (surface and 
flux pulsation) core losses and magnetization current. 

Though mechanical design and thermal design are crucial, they fall beyond our scope here, as 
they are strongly industry-knowledge dependent. 

The testing of WRIGs is standardized mainly for motors. Combining these tests with synchronous 
generator tests may help generate a set of comprehensive, widely accepted testing technologies for 
WRIGs. 

Though important, the design of a WRIG as a brushless exciter with rotor output was not pursued 
in this chapter, mainly due to the limited industrial use of this mode of operation. 
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4.1 Introduction 


By self-excited induction generators (SEIGs), we mean cage rotor induction machines with shunt (and 
series) capacitors connected at their terminals for self-excitation. 

The shunt capacitors may be constant or may be varied through power electronics (or step-wise). 
SEIGs may be built with single-phase or three-phase output and may supply alternating current (AC) 
loads or AC rectified (direct current [DC]) autonomous loads. We also include here SEIGs connected to 
the power grid through soft-starters or resistors and having capacitors at their terminals for power factor 
compensation (or voltage stabilization). 

Note that power electronics controlled cage rotor induction generators (IGs) for constant voltage and 
frequency output at variable speed, for autonomous and power grid operation, will be treated in Chapter 5. 

This chapter will introduce the main schemes for SEIGs and their steady-state and transient perfor- 
mance, with sample results for applications such as wind machines, small hydrogenerators, or generator 


4-1 
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sets. Both power grid and stand-alone operation and three-phase and single-phase output SEIGs are treated 
in this chapter. 


4.2 The Cage Rotor Induction Machine Principle 


The cage rotor induction machine is the most built and most used electric machine, mainly as a motor, 
but, recently, as a generator, too. 

The cage rotor induction machine contains cylindrical stator and rotor cores with uniform slots 
separated by a small airgap (0.3 to 2 mm in general). 

The stator slots host a three-phase or a two-phase AC winding meant to produce a traveling magne- 
tomotive force (mmf). The windings are similar to those described for synchronous generators (SGs) in 
Chapter 4 of Synchronous Generators or for wound rotor induction generators (WRIGs) in Chapter 3 of 
this book. This traveling mmf produces a traveling flux density in the airgap, Bayo: 


LF 
10 ee Pe,) 


g— airgap 


3V2I WK 
F,=——*_1_™' (for three phases) (4.2) 
TP, 


where 
@, is the rotor position 
P, equals the pole pairs 


The cage rotor contains aluminum (or copper, or brass) bars in slots. They are short-circuited by end- 
rings with resistances that are smaller than those of bars (Figure 4.1). 
The angular speed of the traveling fields is obtained for the following: 


@,t — p,@, = const. (4.3) 
That is, for 
(a) 
dér _ ®, 5 n= f (4.4) 
dt p, p, 


Bars embedded 
in slots 


FIGURE 4.1 The cage rotor. 
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The speed n, (in revolutions per second r/sec) is the so-called ideal no-load or synchronous speed and 
is proportional to stator frequency and inversely proportional to the number of pole pairs p,. 

The traveling field in the airgap induces electromagnetic fields (emfs) in the rotor that rotate at speed 
n, at frequency f,: 


(4.5) 


As expected, the emfs induced in the short-circuited rotor bars produce in them AC currents at slip 
frequency f, = Sf. 

Let us now assume that the symmetric rotor cage, which has the property to adapt to almost any 
number of pole pairs in the stator, may be replaced by an equivalent (fictitious) three-phase symmetric 
three-phase winding (as in WRIGs) that is short-circuited. The traveling airgap field produces symmetric 
emfs in the fictitious three-phase rotor with frequency that is Sf, and with amplitude that is also 
proportional to slip S: 


E, =SE,=Sa,L, I (4.6) 


lm m 


where L,, is the magnetization inductance. 

E, is the stator phase self-induced emf, generally produced by both stator and rotor currents, or by 
the so-called magnetization current I,, (I, =1, +1,). 

The rotor phases may be represented by a leakage inductance L, and a resistance R,. Consequently, 
the rotor current I, is as follows: 


SE 
I (4.7) 
(RY +S@,L,,7 


121 


The rotor currents interact with the airgap field to produce tangential forces — torque. In Equation 4.6 
and Equation 4.7, the rotor winding is reduced to the stator winding based on energy (and loss) 
equivalence. 

Noticing that the stator phases are also characterized by a resistance R, and a leakage inductance L,,, 
the stator and rotor equations may be written, for steady state, in complex numbers, as for a transformer 
but with different frequencies in the primary and secondary. Let us consider the generator association 
of signs for the stator: 


I(R, + jo,L,,)+ V, - E, 
1,(R, + jS,L,,) = SE, (4.8) 
E, i -jo,L,, (I, + i,) 


Dividing the second expression in Equation 4.8 by S yields the following: 


Ra-S)_, 
I, os am RE cs =E, (4.9) 
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FIGURE 4.2 The cage rotor induction machine equivalent circuit. 


This way, in fact, the frequency of rotor variables becomes @,, and it refers to a machine at standstill, 
but with an additional (fictitious) rotor resistance R,(1 — S)/S. The power dissipated in this resistance 
equals the mechanical power in the real machine (minus the mechanical losses): 


T, -2an,(1-S)= sR (4.10) 
Finally, 
3 R 
T eis a (4.11) 
e o, S o, elm 
P.im is the so-called electromagnetic power: the total active power that crosses the airgap. Equation 4.8 


and Equation 4.9 lead to the standard equivalent circuit of the induction machine (IM) with cage rotor 
(Figure 4.2). 

The core loss resistance R,,, is added to account for fundamental core losses located in the stator, as S « 1, 
in general. R,, is determined by tests or calculated in the design stage. As can be seen from Equation 4.11, 
the electromagnetic power P,,,, is positive (motoring) for S > 0 and negative (generating) for S < 0. For 
details on parameter expressions, various losses, parasitic torques, design, and so forth, of cage rotor IMs, 
see Reference [1]. 

As seen from Figure 4.2, the equivalent (total) reactance of the IM is always inductive, irrespective of 
slip sign (motor or generator), while the equivalent resistance changes sign for generating. So, the IM 
takes the reactive power to get magnetized either from the power grid to which it is connected or from 
a fixed (or controlled) capacitor at terminals. Note that when a full power static converter is placed 
between the IG and the load (or power grid), the IG is again self-excited by the capacitors in the converter’s 
DC link or from the power grid (if a direct AC—AC converter is used). 

As the operation of an IM at the power grid is straightforward (S < 0, @, > @,) the capacitor-excited 
induction generator will be treated here first in detail. 


4.3 Self-Excitation: A Qualitative View 


The IG with capacitor excitation is driven by a prime mover with the main power switch open (Figure 4.3a). 
As the speed increases, due to prime-mover torque, eventually, the no-load terminal voltage increases and 
settles to a certain value, depending on machine speed, capacitance, and machine parameters. 
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FIGURE 4.3 Self-excitation on self-excited induction generator (SEIG): (a) the general scheme, (b) oversimplified 
equivalent circuit, and (c) quasi-steady-state self-excitation characteristics. 


The equivalent circuit (Figure 4.2) is further simplified by neglecting the stator resistance and leakage 
inductance and by considering zero slip (S = 0: open rotor circuit) for no-load conditions (Figure 4.3b). 
Em Lepresents the no-load initial stator voltage (before self-excitation), at frequency @,) = @,, produced 
by the remnant flux density in the rotor left there from previous operation events. 

To initiate the self-excitation process, E,,,, has to be nonzero. 

The magnetization curve of the IG, obtained from typical motor no-load tests, E,(J,,), has to advance to 
the nonlinear (saturation) zone in order to firmly intersect the capacitor straight-line voltage characteristic 
(Figure 4.3c) and, thus, produce the no-load voltage E,. The process of self-excitation of IG has been known 
for a long time [2]. 

The increasing of the terminal voltage from V,,,,, to Vi, unfolds slowly in time (seconds), and Figure 4.3c 


presents it as a step-wise quasi-steady-state process. It is a qualitative representation only. Once the SEIG 
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is self-excited, the load is connected. If the load is purely resistive, the terminal voltage decreases and so 
does (slightly) the frequency @, for constant (regulated) prime-mover speed @,. 
With @, < @,, the SEIG delivers power to the load for negative slip S < 0: 


; S<0 (4.12) 


The computation of terminal voltage V,, frequency f,, stator current J;, delivered active and reactive 
power (efficiency) for given load (speed n), capacitor C, and machine parameters R,, Ry; Lip Lyp Lyn) 
represents, in fact, the process of obtaining the steady-state performance. 

The nonlinear function L,,(J,,) — magnetization curve — and the variation of frequency f, with load, 
at constant speed n, make the process mathematically intricate. 


4.4 Steady-State Performance of Three-Phase SEIGs 


Various analytical (and numerical) methods to calculate the steady-state performance of SEIGs were 
proposed. They seem, however, to fall into two main categories: 


+ Loop impedance models [3] 
* Nodal admittance models [4] 


Both models are based on the SEIG equivalent circuit (Figure 4.2) expressed in per unit (P.U.) form for 
frequency f (P.U.) and speed U (in P.U.) as follows: 


f=flte 
U=np,!fy 


(4.13) 


The base frequency for which all reactances X,, X,, X,,(I,,) are calculated is f,,, 
With an R,, L;, C, load, the equivalent circuit in Figure 4.2 with speed and frequency in P.U. terms 
becomes as shown in Figure 4.4. 


-jXc/f Ralf) 3 3% Ses -U) 


Xo /f == 


IG 


Load , Excitation 
' capacitor ! 


FIGURE 4.4 Self-excited induction generator (SEIG) equivalent circuit in per unit (P.U.) frequency f and speed U. 
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The presence of frequency f in the load, the dependence of core loss resistance R,,, of frequency f, and 
the nonlinear dependence on X,, of I,, makes the solving of the equivalent circuit difficult. The SEIG plus 
load show zero total impedance: 


R,UG + load) = 0 
(4.14) 
x, (IG + excitation _ capacitor + load) = 0 


for self-excitation, under load. 

To solve it simply, the problem is reduced to two unknowns: f (frequency) and X,,, for given excitation 
capacitor, IG (Rj, Rj, Xyp Xo» Xnln}), load (R,, X;, Xc), and speed U. 

Two main impedance approaches to solve Equation 4.14 were developed: 


+ High-order polynomial equation (in f) approaches [5] 
* Optimization approaches [6, 7] 


The high-order polynomial and the optimization method solutions obscure the intuitive under- 
standing of performance sensitivity to various parameters, but they constitute mighty computerized 
tools. 

In References [8, 10], admittance models that led to a quadratic equation for slip f - U= S (instead 
of f) for given frequency f, were introduced for balanced resistive loads (RLs) without additional sim- 
plifying assumptions. A simple iterative method is used to adjust frequency until the desired speed is 
obtained. 

For the sake of simplicity, the admittance model will be used in what follows. 


4.4.1 Second-Order Slip Equation Methods 


The standard equivalent circuit of Figure 4.4 may be changed by lumping together the IG stator (R,, 
fX,)), the excitation capacitor reactance (—jX,/f), and the load (R,, jfX,, -jXc,/f) into an equivalent series 
circuit (R,,, jfX,,) (Figure 4.5). For self-excitation, X,, < 0: 


os ck 
—j—| RR, ++5fX,-j—— 


f 
R,,+9f@,X,,=R, + jo,L,+ ~ Ss (4.15) 
aye mx, 22 | 
jfXo, R,/S 


fE 
: jfXn 


jfX, (ff) 


FIGURE 4.5 The nodal equivalent circuit of a self-excited induction generator (SEIG). 
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In general, both R,, and X,, are dependent on frequency f (P.U.), though they get simplified forms if 
only a resistive or an R,, X, (an induction motor) is considered. 
For self-excitation, the summation of currents in the node should be zero (with E, # 0): 


-I,+1,,-1, =0 (4.16) 
or 
je, E + : fas =0 (4.17) 
R, +X, R,+iSX,,  ifX,, 


The real and imaginary parts in Equation 4.17 have to be zero for self-excitation (it is, in fact, an 
energy balance condition): 


R SR 
2 = 2 + 2 er 2 =o (4.18) 
R, +f xX, Ro +S f° X;, 


1 FX, SFX), 
fX R. 2x? 7 R. S 2x? 
m 1L + f IL 2 + f 2 


=0 (4.19) 


For given frequency f (P.U.), Equation 4.18 remains (for given excitation capacitors, IG parameters, 
and load), with only one unknown, the slip S: 


aS’ +bS+c=0 (4.20a) 
with 
a= PX Riis 
b=R,(Ri + f?X? (4.20b) 
2 
c= RR; 


Equation 4.20 has two solutions, but only the smaller one (in amplitude) is really useful. For the larger 
one, most of the power is consumed into the rotor resistance: 


SS (4.21) 


If complex solutions of S are obtained, it means that self-excitation is impossible. 
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With slip S, found from Equation 4.21, for given f, the corresponding P.U. speed U=f — S is determined. 
With S = S,, from Equation 4.19, the magnetization reactance X,, is calculated as follows: 


-l 
x SFX 
R. i 2x2 R. fa oe 2 ee 
are 1L 2 +S if 2i 


xa? (4.22) 


Xnax 1s the maximum (unsaturated) value of the magnetization reactance (at base frequency f,,). With 
Xi, > Xmao Self-excitation is again impossible. 
Further on, from no-load motor testing, or from design calculations, the E,(J,,) or X,,(1,,) = E,/L, 
characteristic will be determined (Figure 4.6). 
E,(X,,,) from Figure 4.6 may be curve fitted by mathematical approximations such as the following [11]: 
E, =0,,K 1,3 r, <I 


0 


Ko (4.23) 
= 2 = 
E, =O, Ag ee (d(Z,, -1,)) 


for I, = Ip. 

The coefficients K,, K,, d are calculated to preserve continuity at J, = I) in E, and in dE,/dI,, and they 
reasonably approximate the entire curve. This particular approximation has a steady decrease in the 
derivative, and its inverse is readily available: 


X =X, =Ko, forl,<Iy (4.24) 
1 E,Q-X,,/X,,) 
E,=X,,| 1, + tan me—"—))5 DT >I, (4.25) 
m d dK, me 


Though Equation 4.25 is a transcendent equation, its numerical solution in E,, for the now calculated 
X,, (Equation 4.22), is rather straightforward. 


FIGURE 4.6 Magnetization curve at base frequency f;,, 
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Once E, is known, the equivalent circuit in Figure 4.5 produces all required variables: 


i, feo 
2 R 7 > om iX 
Ss + ifX,, J m 
—fE 
fo Le XxX, <0; 
R, +X, 
—V,=fE,+(R, + if XL, (4.26) 
ig=—Vij : 3 X= : 
pasa fX, c @,C 
T,=1,41, 
I, =1,+1, 


Let us now draw a general phasor diagram for a typical R,, L; load when the load current J ; is lagging 
behind the terminal voltage V,. Also, notice in Equation 4.26 that I, is leading fE,, because V,, < 0 to 
fulfill the self-excitation conditions. 

The phasor diagram starts with fE, in the real axis and I, leading it (Figure 4.7). Then, from Equation 
4.26 (the third expression), V , is constructed. Also, from Equation 4.26 (the first expression), for S < 0, I, 
is ahead of E ,. For resistive-inductive load, the capacitor current is in a leading position with respect to 
terminal voltage. 

The whole computation process described so far may be computerized, and, for given speed U (P.U.), 
the initial value of f may be taken as f(1) = U. After one computation cycle, the slip S(1) is calculated, 
and the new value f(2) is f(2) = v + S(1). The whole iterative process continues until the frequency error 
between two successive computation cycles is smaller than a desired value. 

It was demonstrated [9] that less than ten cycles are required, even if the core loss resistance (R,,,) 
would be included. It was also shown that core losses do not modify the machine capability, except for 
the situation around maximum power delivery. 

Once fE, is known, power core losses p;,,,, may be calculated as follows: 


3(fE,y 
SS 4.27 
Piron R, ( ) 
So, the efficiency on SEIG is 
3V,I, cos 
= VL e, (4.28) 


2 2 
3ViI, co8 9, + 3K + 3K, a Pron + Prec + Pray + Pap 


In Equation 4.28, p,,,, is the mechanical loss, p,,,., is the IG stray load loss (Reference [1], Chapter 3), 
and P,,» is the excitation capacitor loss. 


Ic 


jPXah 


RQ 


FIGURE 4.7 The phasor diagram. 
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Load current (p.u.) 


— Calc. (no Fe lose) — Calc. (with Fe lose) 4 Experimental 
FIGURE 4.8 Voltage vs. load current of self-excited induction generator (SEIG) with shunt self-excitation. 


Typical load voltage V, vs. load current I, for unity power factor load (@, = 0), for a 20 kW, four-pole, 
50 Hz, 380 V (Y), 5.4 A star connected machine are shown in Figure 4.8 [9]. The machine parameters are 
R, = 0.10 PU., X,, = 0.112 PU., R, = 0.0736 PU., X,, = 0.1 BU., and 


E,(P.U.)=1.345-0.203X,; X, <1.728P.U. 
E,(P.U.)=1.901-0.525X,; 1.728<X, <2.259 
E,(P.U.) =3.156-1.08X,; 2.2595 X, <2.446 ee 
E,(P.U.)=37.79-15.12X,; 2.446<X, <2.48. 
0; X, > 2.48 


R,, =18.51+ E, x 4.197 
The typical collapse of terminal voltage, even at resistive load (@, = 0), below rated machine current, is 


evident. 


4.4.2 SEIGs with Series Capacitance Compensation 


In an attempt to increase the load range (in P.U.), series capacitors are added in short shunt (Figure 4.9a) or 
long shunt (Figure 4.9b) connections. 


(a) (b) 


FIGURE 4.9 Series compensation by capacitance: (a) short shunt and (b) long shunt. 
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(a) 


Load voltage (p.u.) 


C, = 0.64 p.u., V = 1.0 p.u., p.f = 10 


1 i 
0 0.2 0.4 0.6 0.8 1 


Load current (p.u.) 


.27, Calc. —k=0.40, Calc. --- k = 0.64, Calc. 
.27, Exptl ok=0.40,Exptl x k= 0.64, Expt'l 


(b) 


FIGURE 4.10 Load curve of three phase SEIG with series compensation: (a) long shunt, (b) short shunt. 


The short shunt was proven superior in extending the stable operation load range for the same capac- 
itance effort. The investigation of both connections can be done by following the iterative method in the 
previous paragraph by incorporating (—jX,,/f) in the load (short shunt) or to the stator leakage reactance 
fX,, (long shunt). Typical load voltage/current curves with long shunt and short shunt compensation, for 
the same machine, are shown in Figure 4.10 [9], with K = X,,/X,, as the ratio between series and parallel 
capacitor reactances (Figure 4.10a and Figure 4.10b). 

Though the voltage collapse was avoided up to rated machine current, the voltage regulation is still 
noticeable for both connections. Notice that the parallel capacitor C, is larger for the long shunt con- 
nection (K = C./C,). 


4.5 Performance Sensitivity Analysis 


In this analysis, the influence of IG resistances R,, R,, leakage reactances X,,, X,,, magnetization reactance 
X,» and parallel and series capacitances C,, C, on a SEIG’s performance is investigated for constant speed 
(controlled prime mover) and constant head hydroturbine or uncontrolled speed wind turbine. 


4.5.1 For Constant Speed 


* The no-load voltage increases with the parallel (excitation) capacitance C,. 

* The maximum output power and terminal voltage increase significantly with capacitance C,, 

* For constant load voltage, the required capacitor C, increases with delivered power. 

* When no-load voltage increases, the magnetization reactance X,, decreases, due to advancing 
magnetic saturation. 
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+ For self-excitation, a necessary but insufficient condition for purely resistive load R, is (Equation 4.15) 
Xi, < 0: 


X If 


2 


(4.30) 


fX,<X,3 X= 


2 
POR, 


With given capacitor (X,), Equation 4.30 reduces itself to a minimum load resistance R, condition: 


R>xX in (4.31) 
eG 2 i 
x, =f xX, 


The smaller the stator leakage reactance, the better (the smaller the value of R,). Notice again that 
Equation 4.31 is a necessary but not sufficient condition. 
* From Equation 4.21, a real value of S is required for self-excitation: b? > 4ac. For resistive load, 


Re a ie. > 2-R, AF AX (4.32) 
or simply, 
Kip 
IX, <X,, =- Xt 2 (4.33) 
1+ 23 
FR, 
Finally, 
Xf 
f(X, +X) < 2 (4.34) 
PPR, 
And, 
X, +X, 
Rie Rh oe tae oe aE (4.35) 
Xx, —(X,, +X,,)f 


+ It is very clear that Equation 4.35 is stronger than Equation 4.31 and should be the only one of 
the two conditions to be considered for practical purposes. 

* Smaller short-circuit reactance is better, while at least X, >(X,,+X,,)f *. This corresponds to a 
large capacitor (perhaps the largest ideal limit). 

+ The largest slip S (Equation 4.21) is obtained for b? = 4ac, and for small slips, S, is 


So eee (4.36) 
For resistive load, S, becomes 


x—-—2 (4.37) 
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Incidentally, this ideal condition (for S,,,,,, the voltage already collapses) corresponds to maximum torque 
for constant airgap flux (E,) control in vector controlled IMs. 


4.5.2 For Unregulated Prime Movers 


+ Along a 40% load resistance variation — around maximum output power — the output power 
varies only a little. 

+ Within this rather constant power load range, however, the load voltage drops notably with load. 

+ Up to maximum power, the frequency and speed decrease with power, while they tend to increase 
after the maximum power load; a kind of self-stabilization, in this respect, takes place. 

+ The maximum power depends on ong and the corresponding load voltage, on Ce This tends to 
be valid both for three-phase and single-phase SEIGs. 

* For no load, the minimum capacitance for self-excitation is inversely proportional to speed squared. 

* Under load, the minimum capacitance depends on speed, load impedance, and load power 
factor. 

+ When the capacitance is too small to handle the total reactive power (of IG and load) of the SEIG’s 
voltage collapses. When the parallel capacitance C, is too large, the rotor impedance of IG causes 
de-excitation, and the voltage collapses again. There should be an optimum capacitor between C,,nin 
and C,,x to provide maximum output power for good efficiency. 

+ The linear (stable) zone of V,(I,) curve can be extended notably — that is, larger maximum power 
with reasonable voltage regulation — by using a series capacitor C,(X,,). A good first guess for C, 
corresponds to X,, ~ 0.7 — 0.8 (P.U.) and X,,~ 0.4— 0.6 X,, (see Reference [12] for more on capacitance 
selection). Again, there is an optimal series capacitor for a given SEIG to produce minimum average 
voltage regulation. 

* Constant-speed-regulated prime movers lead to notably larger powers delivered by the SEIG for 
other given data. 

- A combination of speed regulation and capacitance variation with load may provide rather con- 
stant voltage and frequency for up to rated load [13]. 

* Capacitance and speed coordinated control, in a simple rugged configuration, to provide voltage 
and frequency control, with a small droop for the entire power range, is still to be accomplished. 


4.6 Pole Changing SEIGs for Variable Speed Operation 


There are SEIG applications where the speed varies notably with the load, but a certain frequency and 
voltage regulation is allowed for. Such a case is wind power. As the wind turbine power varies with cubic 
speed, a 4/6 pole changing in the stator winding leads to a (4/6) speed variation and, thus, a reduction 
in power of (4/6)? = 8/27. This kind of reduction is practically acceptable. Either two windings with 
different ratings and pole numbers are inserted in the stator slots or a single winding is connected two 
ways for the two pole pairs: p, < p’, [14,15]. Provided the winding factors Ky, and K’w, are acceptably 
high for both pole counts, and the emf space harmonics content is moderate, the single winding solution 
seems to be an overall superior solution. 

The main condition is to keep the machine saturated for both pole counts. In other words, the airgap 
flux densities B,1, B’,,) on no load for the two pole counts, that is, for the two speeds (in the ratio of p,/p’,), 
have to be about the same: 


Boo _ Pi a Ria 
Bao PY KyW, 


1 


(4.38) 


where 
V,, V’, are the phase voltages 
W,, W “ are the turns per phase for the p, and p’, pole counts 
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For usual pole changing windings and various winding connections, we have the following [14]: 


1-72; for YYIY 


= 2.732; for YA/Y (4.39) 
=2/1.73; for YY/A 


In reality, p,/p’, should not be too far away from unity, to avoid needing too large a capacitance, and 
not too close to unity, to secure a sizable speed regulation range. So, p,/p’, = 1/2 to 2/3. 

With parallel star/series star combination (Equation 4.39), it is possible to obtain B,/B’, = 1, provided 
Ky,/K’ wy, makes up for the difference between the p,/p’; and V,W’,/V’,W, ratios. Balanced three-phase 
voltages for both pole counts are required. Also, simple pole count switching should be provided to 
reduce the costs of pole switching. 

For a 4/6 pole combination, with 36 slots, the winding in Figure 4.11 [16] provides for Ky, = 0.831 
and K’y, = 0.644, the coil pitch being six slots. From Equation 4.38, with YY/Y connection, 


(Bry)op-a 4 2X0.644 _ 


(B’.) 6 0.831 


‘107 2p=6 


(4.40) 


In all, two standard power switches are required to power either one or the other of two winding 
connections. 

The typical torque—speed curves for the two pole counts are shown qualitatively in Figure 4.12. The 
switching from smaller pole count to larger pole count should be made such that the transients before 
reaching the new steady-state point 0’ are limited. 

A larger slip frequency for peak torque seems to be advantageous from this point of view, at the price 
of reduced efficiency. An additional capacitor should also help. It is essential that no-load self-excitation 
conditions be provided at least for one pole count. 

Typical voltage vs. speed characteristics for the 4/6 pole counts, obtained with a 2p, = 4 pole, 3.7 kW, 50 
Hz, 440 V IM under various phase resistance loads are shown in Figure 4.13 [16]. A rather wide speed range 
is visible in Figure 4.13, ideally from 1500 rpm to roughly 800 rpm with a single capacitance. A large voltage 
variation takes place with speed. However, for the cubic speed/power law of wind turbines, the load resistance 
R, = 55 Q/phase for 2p, = 4 poles at n ~ 1500 rpm leads to V, = 420 V at 3238 W, while for 2p’, = 6, R, = 185 
Q/phase, the SEIG produces 959 W, at the same 420 V and at about 1000 rpm. 

Space harmonics are present in the machine, with the subharmonics of two poles for 2p’, = 6 pole 
connection. In general, pole changing windings with 2p’, = 3 K are not balanced for harmonics. Terminal 
voltage unbalance of less than 2 to 3% was observed for 2p’, = 6 pole count. Apart from the harmonics 
problem, the efficiency for the 2p’, = 6 pole count is notably lower than that for the 2p, = 4 count. 


A A en 
O- 
BrwmN™ i. ‘i i ee (vYY) 
7 ij La) LJ 
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FIGURE 4.11 Stator 4/6 pole combination winding for pole changing self-excited induction generator (SEIG). 
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FIGURE 4.12 Torque—speed curves for the 4/6 pole combination. 
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FIGURE 4.13 Line voltage/speed with C = 100 uF for a 4/6 pole self-excited induction generator (SEIG). 
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The reduced cost for variable speed is the main advantage of the pole changing solution, but voltage 
harmonics, reduced efficiency, and strong transients during pole count switching should also be consid- 
ered when this solution is applied. 


4.7 Unbalanced Operation of Three-Phase SEIGs 


Unbalanced phase load impedances or (and) failure of one (or two) capacitors leads to unbalanced 
operation of SEIGs. Though both A and star connections are feasible, only the A connection will be 
treated here in some detail via the method of symmetrical components (Figure 4.14). 

The admittance of excitation capacitance (X,) and load (Z ay Y apis as follows: 


Yea jh (4.41) 


Yi0 Yeq have similar expressions. 
To solve for the situation in Figure 4.14, first the assumed unbalanced load impedances are replaced 


by their symmetrical admittances Y’,Y"Y : 


(4.42) 


The total load plus capacitor currents I,,,; I,-15 1, 


caL 


are also transformed into their symmetric components: 


on 1 0G Y Y Vis 
Taj=ze OY YW (4.43) 
Aas = + 0 bs 
Lt ie Y Y Vp 


As in the A connection, there is no zero voltage sequence, V ,,°, the components I,*, I, of line currents 
are as follows: 


0 o = 
It, =(-a)li, =-a)(¥" xv +¥" V5} 
(4.44) 


abL 


r,, =(-@)r,, =( a)(¥" xV, +¥°xV5) 


Wah: “SXeit 2 


FIGURE 4.14 A—Connected self-excited induction generator (SEIG) and load. 
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On the other hand, the generator current components I,* and I,” are as follows: 


eta (4.45) 
U = Yq Vv 


For the load (Equation 4.44), the [, components [,*, I, as seen from the generator are as follows: 


=(l-a)I, =-(—-a)ViY- 


Tc 
na (4.46) 
I, 


=(l-a’)I, =-(l-a’ VY 
The generator voltages are considered balanced, and by eliminating V,,* and V,, after equating 


Equation 4.44 and Equation 4.46, as they refer to the same currents, the self-excitation condition is 
obtained as follows: 


(Yo+YYG+Y,)-Y Y =0 (4.47) 


Two conditions are contained in Equation 4.47. 
The form of Equation 4.47 for balanced operation, that is, for Yot = Y~-= Yu Y, = Y_= Y, Y°=0, 
degenerates into the following: 


Y,~-Y=0 (4.47’) 


It is evident that Equation 4.47’ is identical to Equation 4.17, obtained for balanced operation. Let us 
consider the particular case of one phase open (Figure 4.15). 
With a single load, 


Y,=Y=s; 
Z (4.48) 
¥,,=¥,, =0 
So, 
2 ¥ 
y°=y'+Y = (4.49) 


FIGURE 4.15 A/A connection with one load phase open. 
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FIGURE 4.16 A/A-Self-excited induction generator (SEIG) with single capacitor and single load. 


The self-excitation condition (Equation 4.47) degenerates into 


a, (4.50) 
Ede Ye 
Equation 4.50 refers to the series connection of positive (+) and negative (—) generator sequence equiv- 
alent circuits to 3/Y =3Z (Figure 4.16). 

Other unbalanced situations may be imagined. For example, if phase C opens but the load im- 
pedance Z remains balanced, the above rationale applies again, but with y ,,= 1.5 y and Y,,= Y., 
=0 [17]. 

A short-circuit leads to voltage collapse, but at least with induction motor loads, not before notable 
transients. The computation of performance for unbalanced operation, based on conditions in Equation 4.47, 
is to be done as for balanced conditions but most probably through optimization methods to solve for 
frequency f and magnetization reactance X,, simultaneously. 

It seems, however, that whenever a zero line current occurs [17], the one-line open magnetization 
curve is to be applied, at least in the high saturation zone. 

Maximum and minimum capacitors for self-excitation for various voltages at given speed and no load 
may be calculated as for balanced operation. However, efficiency is diminished. 

Unbalanced grid operation connections may also lead to unbalanced operation (no capacitor in this 
case). The absence of capacitors leads to a different approach, but again, the positive and negative 
components of active and reactive powers are to be calculated. 


4.8 One Phase Open at Power Grid 


When the IG is connected to the power grid (Figure 4.17), the latter may sometimes be unbalanced [18]. 
The Z,,, Zg_ of the IG are easily recognizable in Figure 4.16, while the symmetrical components of 
the line voltage V,,, V,. V,, are as follows: 


ca 


1 
Vj=- @ ally, (4.51) 
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Jamog 


FIGURE 4.17 Induction generator (IG) to power grid. 


The equivalent circuit of the IG (positive and negative sequences) connected to the unbalanced power 
grid (with V? = 0) is shown in Figure 4.18. The input (mechanical) power of IG connected to the power 


grid Pirpu is as follows: 


P= Po th, =-3(1*) 24-5) +305) % (1-S) (4.52) 
input ~~ input input ~— 2 5 27 94 5 : 
The total IG output active and reactive powers are 
att oe 
P  =3ReV 1+V 1, (4.53) 
35 at 2 a 
Quy = imag} VI, +V I, (4.54) 


i. Ry jfXy jfXq) R,/(2 — S) 


FIGURE 4.18 Sequence equivalent circuit of an induction generator (IG). 
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The efficiency of the IG connected to the grid 77 is 


P 
n= (4.55) 


input 


While this represents a solution for the general case, a phase open (say c) represents a probable practical case: 


Ly =. = I, 
I. — Ly = I, (4.56) 
I_-1L,=1= 


The symmetrical components of I ,,, I 4.5 I, are 


I =I 
L.=or (4.57) 
I, = =i 
with 
V »=Vt+V- (4.58) 
and 
V=zZ xT 
ee (4.59) 
a aes 
I* is 
7 
l =—*— (4.60) 
Zt+Z 


Based on the data from Figure 4.18 for Z* and Z~ the input (mechanical) power P,,,,,,; is as follows: 


input 


_ 2 
pus ~ 3; KR, 
_ 201-8)’ 
*  $(2-S) 
Vv 
2 —ab 
OR EKR +X oe 
total S2 total 


R tal = 2k, ar R,) 
X yg = AX, + Xq,) 


total 


Now, with Vj) Vig Vj. given, as amplitude and phase, and known machine parameters, @, and given 
speed @, the slip S may first be calculated as follows: 


S=— (4.62) 


Then, the values of K,, I, Pip, are determined. Then J,*, I” and I, and V*, Vi Pou Que are computed. 
That is, steady-state performance vs. slip may be calculated for various degrees of grid voltage unbalance 
V/V*, for example. Both the reactive power drawn from the power grid and IG losses increase with input power. 

The increasing of grid voltage unbalance leads to increased currents, losses, and power factor reduction 
for given slip. The current also depends on how the voltage unbalance is produced: by one increased or 
by one reduced voltage. 
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A small voltage unbalance has a large impact on the IG currents. For the same total losses, the output 
power is reduced considerably with respect to balanced operation. For 10% voltage unbalance, it may 
be allowed to handle only 30 to 40% of rated power at an acceptable temperature level. 

Derating in direct relationship to voltage unbalance V~/V* ratio is recommended in order to avoid IG 
overheating. 


4.9 Three-Phase SEIG with Single-Phase Output 


Single-phase output SEIGs may be approached with a two-phase induction generator as shown in the next 
paragraph. However, the power density, power pulsations, vibration and noise, are notable. Also, when the 
power level goes above 2 to 3 kW, the single-phase IG becomes less attractive and is not available off the shelf. 

Making use of a three-phase IG, with an advanced degree of phase symmetrization, may prove a 
practical solution for single-phase output, at least above 2 to 3 kW per unit. Three main connections 
were proposed: 


+ Steinmetz connection (Figure 4.19a) [19] 
+ Smith connection (Figure 4.19b) [20] 
+ Fukami connection (Figure 4.19c) [21] 


All connections are, in principle, capable of providing machine symmetrization at some speed (load) for 
given frequency and perform with good efficiency and power factor for a notable power range. However, 
it seems that the Steinmetz connection, augmented with series compensation (C,), does better with only 
two capacitors that are wisely used (at high voltage level): about 2.0 P.U. power delivery with limited 
voltage self-regulation. 

Consequently, we will treat here in detail only the Steinmetz connection with series compensation [19]. 

For steady state, again, the method of symmetrical components is applied. The connection in Figure 4.19a 
suggests the following relationships: 


V=V 
— (4.63) 
Tee Vg 
L=V,-Yq=L-l (4.64) 
I=1,-1, (4.65) 
where y ,,is the admittance of the parallel capacitance: 
Y,, =X, fs fis P.U. frequency (4.66) 


The symmetrical components of voltages in Equation 4.51 with Equation 4.63 through Equation 4.65 
are as follows: 


- e inl6 
vv3(¥¢ + NB | 


a = 
Y,+tYotYe 


V= 


4.67 
vv3 yt 5 —H'6 yy ( ) 
_Y roth Ye 


+ = 
ie + Y, +YG 


IS, 


where y ¢, and y_are positive and negative sequence admittances of IG at P.U. frequency f (Figure 4.16): 


i 
Z 4p : 
: (4.68) 
i ¥, 
Zac 
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Cy 


Zioad 


(b) ° 


Load 


(©) 


FIGURE 4.19 Three-phase self-excited induction generator (SEIG) with single-phase output: (a) Steinmetz con- 
nection, (b) Smith connection, and (c) Fukami connection. 


The equivalent IG impedance at points a, b, Z ;,, is as follows: 


+ o> + - 
_ 2646+ 2Z62Zo + 2ZoZo 6) 
Lig + = : 
3Z > ate Zo aD Zo 
The sum of impedances Z j,, Z cs, and Z,should be zero for self-excitation: 
ZigtZ,+Zes =0 
(4.70) 


cS 


Zes =7j f 
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The load impedance Z, (at P.U. frequency f) is 


Xx 
Z.=R +4 1,7] (4.71) 


For the impedance model solution, the frequency f and reactance X,,, are the unknowns, to be solved for 
iteratively from Equation 4.70. 

The complexity of Z ;* and Z ¢ leaves little room for an analytical solution. 

It is practical to calculate the amplitude of the complex impedance in Equation 4.70 and to force it 
to zero, that is, to find a minimum by an optimization method (Hooke—Jeeves for example [19]): 


Z(fX,)=|(Rig fo X,,)+ Bel Keli Az 4a =0 (4.72) 


The unsaturated value of X,,,, Xjq, May be taken as an initial value of X,,(1) or as a constraint. Again, 
the compensation ratio K is defined as K = X,,/X,,. As K increases, in general, the voltage reduction with 
load is decreased. Values of K = 0.3 to 0.5 seem to be practical (as for the three-phase balanced SEIG in 
the previous paragraph). 

For a 2.2 kW, four-pole, 220 V, 50 Hz, 9.4 A IM with R, = 0.0844 PU., X,, = 0.112 P.U., R, = 0.098 P.U., 
X,, = 0.1 PU, R,, = 2.2 P.U., and E,(X,,) as in Equation 11.29, the load voltage vs. load current for PF = 1.0, 


K = 0.34 speed U= 1 is shown in Figure 4.20a and the power in Figure 4.20b [19]. 


Load voltage (p.u.) 
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FIGURE 4.20 (a) Voltage and (b) output power vs. load in per unit (P.U.). 
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FIGURE 4.21 (a) Phase currents and (b) voltages vs. load in per unit (P.U.) for PF = 1.0. 


The extension of the stability zone due to the series compensation is spectacular. As expected, purely 
balanced operation is hardly present, but the phase current and voltage unbalances (Figure 4.21a and Figure 
4.21b) are acceptable. The efficiency is rather large for a wide range of loads (Figure 4.22) [19]. 

In Figure 4.20, Figure 4.21, and Figure 4.22, SEIG means without series compensation, and SRSEIG 
means with series compensation (K = 0.34, C, = 125 pB C,= 370 pF). 

As evident from Figure 4.20, Figure 4.21, and Figure 4.22, the largest phase voltage is below 1.2 P.U., 
which is an acceptable value. 


0 T T T 
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Load current (p.u.) 
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FIGURE 4.22 Efficiency vs. load in per unit (P.U.). 
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The phase voltages are almost symmetric at 1.6 P.U. load, while below and above that load, a certain 
degree of unbalance remains. 

The increase in output power to 2.0 P.U. with the Steinmetz connection and series compensation may 
make it a practical solution, for powers above 3 kW, where single-phase IMs are not available off the shelf. 


4.10 Two-Phase SEIGs with Single-Phase Output 


As already mentioned, two-phase induction machines may also be used as SEIGs with single-phase output. 
The self-regulated such configuration contains a self-excitation capacitor C, placed in parallel with the 
excitation (additional) stator winding, while the power winding is provided with a single series capacitor 
C, or with a long- or short-shunt capacitor C, (Figure 4.23). 

The configuration with only two capacitors C, and C, will be considered further here (for the others, 
see the literature [22, 23, 24]), as it seems a good compromise between capacitor costs and performance. 

To investigate the steady state, the symmetrical component method is used again. We should notice 
the following: 


+ The excitation capacitor C, may be lumped in series with the excitation winding, which is short- 
circuited (V, = 0). 
+ The series compensation capacitor C, may be lumped into the load Z/: 


x 
Z(A=Zi(f)- i (4.73) 


For an R,, L, load, 
Z(f)=R, + jfX, (4.74) 


As the excitation voltage V, = 0 and V,,,= V, the positive and negative sequence voltages are as follows: 


=V_=V,/2=-Z'(L, 


=m 


+I,,)/2 (4.75) 


The equivalent circuit in positive and negative components of the two-phase machine (Reference [1], 
p. 830) may be slightly simplified, as the voltage V,,,* and V,,,- (4.75) may be written as follows: 


Ad 
V ap = V,, = +I}, = Lg)= Age be 
: (4.76) 
a oe 
Vic = Vin = Z, r,, 2 Ca I’) 
d on C, C, 
Main | | 
Auxiliary | | L i | 
a a or T Cy or [] ZI 

m 


FIGURE 4.23 Two-phase self-excited induction generator (SEIG) configurations with single-phase output. 
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R 


2 


FIGURE 4.24 The equivalent circuit of a two-phase self-excited induction generator (SEIG) with single-phase output. 


This way the complete equivalent circuit of the two-phase machine with unequivalent windings is 


shown in Figure 4.24. 
Notice that “a” is the turn ratio between the auxiliary excitation and main power winding. This allows 
for the design with a different voltage in the excitation winding and also introduces one more variable 


for symmetrization at a desired load. 
The equivalent circuit in Figure 4.24 may be reduced easily to the one in Figure 4.25a and Figure 4.25b. 


(b) 


(a) 


FIGURE 4.25 (a) Simplified equivalent circuit of a two-phase self-excited induction generator (SEIG) and (b) mag- 


netization curves. 
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The self-excitation condition is evident: the summation of currents in the node 0 has to be zero: 


1 1 1 
+ —+ =0 (4.77) 
Z,+Z, Z, +Z Ze 


“E 


All parameters in Equation 4.77 depend on frequency f, but only X,, is dependent on I. So, again, 
we have two variables. Optimization methods to minimize (make it zero) the amplitude of the admittance 
in Equation 4.77 would be a fairly straightforward way to solve for both f and X,,, with given speed (slip S) 
and other IG load parameters and capacitors. 

The magnetization reactance X,, is a function of the positive sequence magnetization current I*, and 
the relationship V,,= BY ae) is to be known from measurements or through computation (in the design 


stage). Once X,, and f are known, from the magnetization curve X,,(I*), the value of I” is calculated. 
Further on, the airgap voltage fE~ is determined: 


mm 


fE* =V,, =fX I" (4.78) 


Fromnowon, the equivalent circuit in Figur e4.25a and Figur e4.25b maybe used to calculat e the following: 


1 
I* = fE* ———_—_ (4.79) 
m m # (Z',Z,) 
meee aoe A 
LL (4.80) 
Z +Z, 
The load current I is simply 
I=1, +I, (4.81) 
The excitation current I, is 
I, = jl, -I,,) (4.82) 
It is evident that symmetrization is obtained when I, = 0. 
The output electrical power P.,,, is 
_ 2 
Le ~ ss (4.83) 
The positive sequence rotor current Lj,, (from Figure 4.24) is as follows: 
if X. 
Lim = TR Tin (4.84) 
5 + 1 Aon + Xam ) 
Neglecting the mechanical losses, the input (shaft) power P,,, is 
R R 
P,=2| (i, *-(5, —“ |a-9) (4.85) 


2m S 2m Da S 


The negative sequence power is translated into losses. 
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To calculate the efficiency, the core losses p;,,,, and the mechanical losses p,,,. have to be added. 


= Few (4.86) 
n= P . 


m iron mec 


The generator voltage V is as follows (Equation 4.75): 
See i (4.87) 


The load voltage V,,,, differs from Vg,,, by the voltage drop along the series capacitor C, 


X, 
=Vanti } Es (4.88) 


4 


—load 


The above model may be instrumental, after arranging it into a computer program, in calculating the 
steady-state performance for given speed, capacitors, and load impedance. Changing the load impedance 
will produce data for steady-state characteristics. 

For a 700 W, 50 Hz, 2p, = 2 poles, Vy = 230 V machine with R,,, = 3.94 Q, R,, = 4.39 Q, R,,, = 3.36 Q, 
Xj tm = Xom = 5.48 Q, Xy,, = 7.5 Q, unsaturated X,,, = 70 Q and C, = 40 pF, C, = 100 pF, load voltage vs. 
current curves are shown in Figure 4.26 [25]. 

The beneficial effect of the series compensation by C, is evident. The symmetrization problem remains, 
but, beside C, and C,, the turns ratio a is a variable to take advantage of in the design optimization process. 

For powers below 3 kW, where the two-phase induction machine is available, its use as a generator 
still seems to be a practical option in low-cost applications. 
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FIGURE 4.26 Load voltage vs. output power. 
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4.11 Three-Phase SEIG Transients 


SEIGs undergo transients on no load during self-excitation, when electrical load is connected or rejected 
or varied. When speed is modified or the self-excitation capacitor is varied with load to control the load 
voltage, transients also occur. 

The method of approach to SEIG transients is the d—q (space-phasor) model. We will use here the 
space-phasor model, as it facilitates the accountance of magnetic saturation. The space-phasor model of 
the induction machine in stator coordinates (see Chapter 2) is as follows: 


= = dV 
Vi=-Rh-— 
dt (4.89) 
Yi HL, ht+ Yn 
_ Et ee 
0=-RIn- + jor? 
a (4.90) 
W2= Ll +m 


The association of signs corresponds to generating mode. The magnetizing (airgap) Y,,, is 


mem (4.91) 


The L,,(J,,) function is obtained from tests or through computation in the design stage. 
The electromagnetic torque T, is 


3 — —# 
T= > plmag{ (4.92) 
The capacitors connected at the terminals (Cy = 3C,) lead to the voltage equation: 


dVi_ 
dt C, 


ae (4.93) 


The generator motion equation is written as follows: 


J—=T. T (4.94) 


dt prime _mover ~ +e 


The dynamics of the turbine with its speed control model (if any) that drives the SEIG should be added here. 

With the flux linkages as variables and the currents as dummy variables, only the L,,(I,,) function 
needs to be known to account for magnetic saturation. The decomposition into d-q components to deal 
with “real number variables” is straightforward, as (V,; = Vat jV4). 
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A passive load may be described as follows: 


i= oa dl, nd 
Vi “Root hy ta 
dV ie 
acl ey (4.95) 
dt Cy 
In=h-Ic 


On the other hand, an induction motor load may be described as 


— - dy 
Vi= Rylan +— 


2M 


se d¥ nt toe 
0=R,,,l2m + —jO,, Vom 
dt 
Yim = Lim Tim +'Pinu 
cae =Liy ion + Bat (4.96) 


Ba = com is + a) 
_ 3 wo. 
Ty = 5 P,lmag Yiu lm 


do 
J M ae 7 Ty = cir 


The same models could also be used in synchronous coordinates, but then the currents and voltages 
are transformed back into stator coordinates. 

Typical transients for a 1.1 kW, 127/220 V, 8.3/4.8 A line current, 60 Hz, two-pole machine with R, = 
0.078 P.U., X= X= 0.0895 P.U. are shown in what follows [25]. 

The rather slow phase a voltage buildup at no load for @, = 3600 rpm and C,= 248.7 uF is evident in 
Figure 4.27. Sudden connection of a resistive load (R, = 80 Q), t= 0.4 sec shows a mild reduction of phase 


FIGURE 4.27 Voltage buildup at no load. 
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4-32, 


(A) 288 70a [RUTUIIET, 


FIGURE 4.28 Sudden connection of resistive load. 


80 to 


a voltage with stable response (Figure 4.28), as the load is not too large. A step loading from R, 


10 Q leads to voltage collapse [25]. A notable voltage increase occurs when the resistive load is rejected 


(Figure 4.29). 


A few remarks are in order: 


leads to fast voltage reduction at the SEIG 


be it R, or R,, L, 


load 


=) 


* Sudden application o 


d leads to very small voltage variation. 


s 


terminals, while RC lo 
+ The sudden disconnection of the capacitor leads to quick decay of terminal voltage to zero. 


a) 


o stable voltage recovery toward the no-load steady state (for constant 


= 


* Load rejection leads 
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FIGURE 4.29 Resistive load rejection at 0.58 sec (R, 


cis Group, LLC 
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* When the load is greatly increased, the voltage of the machine collapses, as the SEIG de-excites 
and thus desaturates rapidly. 

* A short-circuit at SEIG terminals may cause up to 2.0 P.U. voltage surges and 5 P.U. current 
transients for a short period of around 20 msec before the voltage collapses. 

+ An SEIG supplying an induction motor load requires large capacitances to cover for the motor 
reactive power. However, when the motor is disconnected, the large capacitance may produce 
overvoltages that are too large. It is, thus, practical to divide the capacitances between the SEIG 
and the induction motor (IM) [26]. For safe starting of an IM, the SEIG-to-IM power ratio should 
be at least 1/0.6, but, to handle stably up to 100% step mechanical load, the power ratio should 
be 3(4) to 1. 


4.12 Parallel Connection of SEIGs 


As there are constraints on SEIG ratings per unit for microhydro or wind turbines, several such SEIGs 
may have to be operated in parallel with a single capacitance bank C (Figure 4.30) for self-excitation. 

As one of the main problems with SEIGs is their poor voltage regulation, improvements may be 
obtained by capacitor variation or (and) speed variation of some SEIGs of the group, as is done for single 
such generators operating on autonomous load. 

For self-excitation, at node 0 (Figure 4.30), the total admittance has to be zero. All generators 
have the same terminal voltage and frequency f (P.U.). 

On the other hand, the summation of currents in the n generators is as follows: 


Sa-v[2 j £) (4.97) 
mr UR FX, Xe 


L 


FIGURE 4.30 Self-excited induction generators (SEIGs) in parallel. 
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In Equation 4.97, an additional variable inductance (X;,) is placed in parallel with the fixed excitation 
capacitor (X,) to vary the total equivalent capacitor. Ballast resistive load is used to control the IG group 
when the load decreases. 

Also, for each generator, from the equivalent circuit, 


(4.98) 


The airgap emf E,; depends on the magnetization reactance X,,,, as already discussed extensively earlier 
in this chapter. 
The self-excitation condition is, thus, from Equation 4.97, 


y=) } ‘po J piper, (4.99) 
i=l Za lf) R, fX, Xo 


Equation 4.97 through Equation 4.99 provide for n + 2 unknowns, X,,;, and C and f. Various iterative 
procedures such as Newton—Raphson’s may be used to solve such a problem [27]. The voltage V,, all 
parameters, and speeds are given. Initial values of variables are given and then adjusted until good 
convergence is obtained. 

As expected, for given voltage, the required capacitance increases with load. The frequency f drops 
when the load increases. For a fixed load power, the frequency f increases, as the voltage increases, 
as for single SEIGs. Also, lagging power factor loads require larger capacitance for given voltage and 
load power. Increasing the number of identical SEIGs for the same load power tends to require more 
capacitance at given voltage. The frequency increases in such a case as the load of each SEIG is 
decreased. 

The machine speeds u, and u, also influence the performance (Figure 4.31) [27]. The capacitance 
increases with decreasing speed and so does the frequency for given voltage and load power. The load 


300 


f (p.u.) 


Proad (p.u.) 


FIGURE 4.31 Influence of self-excited induction generator (SEIG) speeds (in P.U.) on required capacitance C and 
on frequency f. 
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power factor also influences the required speed for given capacitor and voltage. The speed and frequency 
increase with load and more so with lagging power factor loads. 

Again, as for single SEIGs, voltage control of frequency insensitive loads may best be accomplished by 
combining capacitance and speed control. In this case, the frequency variation is also limited. 

Note that the parallel operation of an SEIG may be approached through the d—q model, valid for 
transients and steady state. The eigenvalue method is then to be applied to predict the system’s behavior 
and to determine the capacitance values [28]. 


4.13 Connection Transients in Cage Rotor Induction 
Generators at Power Grid 


Rigid as they may seem, cage rotor induction generators are still connected, up to some power level per 
unit, directly to the power grid. Adjustments in its power delivery are made by controlling the turbine 
speed (torque). The direct connection of a cage rotor induction machine to a strong power grid leads, 
irrespective of machine initial speed, to large current and torque transients. When the induction machine 
rating increases, or (and) the local power grid is not so strong, the disturbances produced by such large 
transients are severe. Moreover, the torque transients are so large that they can, in time, damage the 
turbine. 

If the simplicity and low costs of cage rotor IGs are to keep this solution in perspective, besides speed 
(small range) control, the switch-on (off) transients to the power grid have to be drastically reduced. To 
accomplish such a goal, with limited expense, it seems that either soft-starters or additional resistors 
should be connected in series with the stator windings for a short period of time (a few seconds). For 
wind turbines as prime movers, rotor wind and hub wind speeds (in m/sec) vary continuously with time 
(Figure 4.32a) [29]. The wind turbine generator scheme is shown in Figure 4.32b. 

In a direct start transient simulation, using the d—q model, a four-pole 0.5 MW IG transmission model 
response (Figure 4.33) shows aerodynamic torque, mechanical torque, turbine rotor speed, and generator 
speed. Some small oscillations are visible in the turbine rotor speed but hardly so in the generator rotor 
speed [29]. 

For the same IG, accelerated freely by the wind turbine up to 1500 rpm and then directly connected 
to the grid, the speed, phase current amplitude, and reactive and active power transients for some loading 
are shown in Figure 4.34 [29]. There is a very short-lived superhigh peak in phase current (up to 10 P.U.) 
and in reactive and active power. Then, they all stabilize but still retain some small pulsations due to 
wind turbine speed pulsations (Figure 4.34). 

The power grid was realistically modeled [29]. 

The connection to the power grid of larger power IGs (say 2 MW) poses problems of voltage and too 
large current transients. This is why soft-starters were proposed for the scope. They may also automatically 
disconnect the generator when there is not enough wind power and reconnect again based on the power 
factor of IG, which varies notably with the slip. 

A typical start-up to 1500 rpm and then connection and loading of a 2 MW, four-pole IG through 
a soft-starter is illustrated in Figure 4.35 [29]. The current peaks are still above the rated value but 
are much less than those for direct connection to the grid. The same is true for reactive and active 
power transients at the price of slower speed stabilization to load (1.8 MW). 

A capacitance bank controlled in steps may be used to compensate for the IG reactive power (of 
about 0.936 MVAR for 1.8 MW) and keep the voltage regulation within limits when load varies in the 
local grid. Alternatively, an external resistor may be used to reduce the grid connection transients 
(Figure 4.36) [30]. The resistor connection procedure is shown to perform well with respect to all 
three connection factors: 
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FIGURE 4.32 (a) Rotor wind and hub wind model and (b) wind turbine model. 


+ Maximum voltage change factor K,, 
+ Maximum current factor K; 
* Flicker step factor K; [31] 


A voltage change factor of only 4% is now enforced in Europe at the IG connection to the grid. 

Active stall wind turbine regulation is standard for the smooth connection of megawatt (MW)-size 
wind induction generators. A variable slip IG may also be used, when the IG has a wound rotor and a 
controlled or self-controlled rotor connected additional resistor. Figure 4.37 shows 15 kW, 0.8% slip 
active-stall regulated IG connection to the grid at no load. The external stator resistance is R,,, = 50R, = 
1.8 Q [30]. A very smooth connection is evident. The costs of the short-lived current external resistance 
is quite small in comparison with the soft-starter, while fulfilling the smooth connection conditions, as 
the reactive power requirements are nonzero for a soft-starter. 
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FIGURE 4.33 Transmission model response during start-up. 
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FIGURE 4.34 Direct start-up of a four-pole, 50 Hz, 0.5 MW induction generator (IG). 
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FIGURE 4.35 Start-up and connection via soft-starter to grid at 1500 rpm (2 MVA self-excited induction generator (SEIG). 
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FIGURE 4.37 Voltage, current, and shaft torque vs. time for resistor connection to grid of a 15 kW, 0.8% slip 
induction generator (IG) with active-stall wind turbine regulation, at no load. 
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4.14 More on Power Grid Disturbance Transients in Cage 
Rotor Induction Generators 


IGs connected to the power grid are driven by wind turbines, hydroturbines, diesel engines, and so forth. 
In most cases, the speed of the IG is larger than the speed of the prime mover; thus, a gearbox transmission 
is required. 

Further on, the prime mover has a number of lumped inertias, elastically coupled to each other. The three 
blades of a standard wind turbine have their inertias as follows: H,,, Hz), and H,, (Figure 4.38). The hub, 
the gearbox, and the IG rotor have the inertias H;,, Hcp, and Hg. Axes and brakes are integrated with them. 
Spring stiffness and damping elements are also introduced, while the inputs to the wind turbine model are 
the aerodynamic torques of the blades T;,, T;,, and T;,; and the generator torque T, (Figure 4.38). 

The state-space equations of such a drive train in P.U. are given here for convenience: 


-| OF Oe [Ch er, fn ioe 
-2HPIC] --[2H}"[D}|} [ol || 24) 


[6], [@], [T] are 6 x 1 matrix vectors of positions, angular velocities, and torques 
[0] and [1] are 6 x 6 zero and identity matrices 

[H] is the 6 x 1 matrix of inertias 

[C] and [D] are stiffness and damping matrices 


[6] 
[a] 


where 
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FIGURE 4.38 Wind turbine induction generator (IG) drive train with six inertias. 
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The IG model for transients is the already described space-phasor model. However, as during some 
operation modes the IG may end up as self-excited, supplying its own load after disconnection from the 
power grid, the model should include the magnetic saturation. The model in Equation 4.89 and Equation 
4.90 may be decomposed along d and q axes with Wyo Wie Wine and W,,q as variables: 
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(4.103) 


The rotor flux linkages y,; and y,, and the stator and rotor currents are all dummy variables to be 
eliminated via the flux/current relationships: 
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There are four currents, I, 4, I> I, and I,,, and the rotor fluxes y,, and y,, to eliminate from the six 
expressions of Equation 4.104. Implicitly, the so-called cross-coupling magnetic saturation is accounted 
for in the above equations [33, 34]. Note that the stator equations are written for the generator mode 
association of current signs. 


The electromagnetic torque T, is as follows: 


3 
T, = Mala Nala) (4.105) 
The power network is, in general, represented by its sequence equivalents. 
Among most abnormal operation modes, we consider here the following: 


+ Three-phase sudden short-circuits 
+ Line-to-line short-circuit 
* Breaker reclosing before generator defluxing 
* One-phase interruption 
* Unbalanced system voltages 
A three-phase fault at the low voltage side of the transformer, on a 500 kW IG with a 200 kVA parallel 
capacitor, connected to a local grid containing an 800 kVA (20/0.69 kV) transformer, a 2 km line, and a 
circuit breaker at the point of common connection is illustrated in Figure 4.39a through Figure 4.39c [32]. 
About 3 P.U. peak torque at the IG shaft occurs. The propagation of torque through the drive train 
shows “high fidelity” on the high-speed side, with a more compliant response on the low-speed side 
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FIGURE 4.39 Three-phase short-circuit at the low voltage busbars: (a) induction generator (IG) torque, (b) high- 
speed side torque, and (c) low-speed side elasticity torque. 
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FIGURE 4.40 Breaker reclosing after a remote fault: (a) induction generator (IG) voltage, (b) IG torque, (c) high- 
speed side torque, and (d) low-speed elasticity torque. 


(with a 2 to 3 Hz natural frequency and low damping). The response to a line-to-line fault is similar, 
but with sustained 100 Hz (2f,) oscillations, as expected. Breaker reclosing, however, produces notably 
larger torque transients (Figure 4.40a through Figure 4.40d) [32]. A remote fault at 0.1 sec is cleared at 
0.4 sec and is followed by a reclosing at 2.0 sec. 

The voltage builds up to 120% as the IG stator circuits are open and the 200 kVA capacitors remain at 
IG terminals. The speed (not shown) does the same. The peak IG torque transients reach 7 P.U. values after 
reclosing. The gearbox “feels” about 4 P.U. torque oscillations. On the low-speed side, the effect is small. 
The generator and gearbox stresses are considered potentially harmful. Unbalanced voltages in the local 
power network produce 100 Hz pulsations in torque. These pulsations may have a notable effect on the 
fatigue life of the gearbox. 

We may conclude here that the “constant speed” IG is vulnerable to power grid disturbances due to its 
“rigid” response in contrast to variable speed IGs. Note that single-phase SEIG induction transients are to 
be treated again through the d—q model but in stator coordinates (Reference [1], Chapter 26). 


© 2006 by Taylor & Francis Group, LLC 


Self-Excited Induction Generators 4-45 


4.15 Summary 


Induction machines with cage rotor and capacitor excitation are coded as SEIGs. 

SEIGs operate typically alone or in a group, autonomously on their particular loads. 

Cage rotor IGs may be connected to the power grid also, with capacitor banks connected at 
terminals to make up for the reactive power required for their magnetization and to contribute 
to voltage stabilization. 

SEIGs with capacitor excitation, self-excitation at no load at a frequency f (P.U.) and voltage V, 
(P.U.) are dependent on speed U (P.U.), capacitance C, at terminals, and on IG parameters. At no 
load, the slip S, = fo — U is negative but very small. 

When the SEIG, already self-excited at no load, is loaded, the terminal voltage and frequency vary 
with load and its power factor. In general, for constant speed and R or R,L load, the load voltage 
decreases markedly with load. The slip is negative and increases with load. 

For capacitor self-excitation on no load, there should be an initial level of magnetization in the 
rotor, left from the previous operation, and operation at a notable degree of magnetic saturation. 
The computation of frequency and voltage, for given speed, parallel capacitance C,, load, and IG 
parameters, may be approached through two main categories of methods: impedance and admit- 
tance types. 

Only the admittance methods, for given frequency, magnetization curve, IG and load parameters, and 
capacitance, may allow for the computation of slip S (and speed U = f — S, S < 0) from a second- 
order algebraic equation. Then, iteratively, the frequency f is changed until the final speed reaches the 
desired value. Only a few iterations are required. The computation of the corresponding magnetization 
reactance X,,, is straightforward. Then, the airgap emf is found from the magnetization curve (X,, = 
f(E,)). Further on, the terminal voltage, load current, capacitor current, load power, and so forth, are 
calculated without any iteration. For successful self-excitation, the solutions of slip S have to be real 
numbers, and X,,, < Xiae Xingx 1S the unsaturated value of X,,,. 

The SEIG exhibits a voltage collapse point on its V(I) curve. To extend the stable (linear) part of 
the V(J) curve, a series capacitance C, is added. The short-shunt connection performs better. The 
optimum ratio K = X.,/C,, = 0.4 to 0.5. 

Performance/parameter sensitivity studies reveal that the smaller the IG leakage reactances X,, and 
X,,in P.U., the better. Also, prime movers with controlled speed are capable of producing notably 
more power. As the speed goes up with the electric load power, so does the frequency. 
Combined parallel capacitance C, and speed control are recommended to keep the voltage regu- 
lation within 4 to 5% up to full load, with small frequency variations a bonus. 

In applications such as wind machines, where the power decreases with cubic speed, variable speed 
is desirable when the wind speed decreases notably. Pole-changing SEIGs may handle such situ- 
ations at low costs. The pole count ratio p,/p’, should vary, generally between one half and two 
thirds. Two separate windings (of different ratings) may be placed in the stator slots and switched 
on or off at a certain power (speed) level, or a pole-changing winding may be used for the scope. 
Pole-changing windings with 4/6 pole count ratio, for example, need different connections to 
provide the same voltage, with the same capacitance (at no load) at different speeds. The key issue 
is to maintain the airgap flux density (magnetic saturation) at about the same level and the winding 
factors reasonably high. Attention has to be paid to space harmonics, including subharmonics. 
The commutation of pole count has to be made at a speed that is generally below the peak torque 
situation for the active connection, in order to safeguard stable transients. 

Three-phase SEIGs may perform on unbalanced loads by accident or by necessity. The investigation 
of such situations for steady state is performed with the symmetrical components method. 

In general, it is found that the efficiency is notably reduced due to negative sequence losses. 

One phase open, with SEIG connected to the power grid, shows a similar reduction in power at 
higher losses. The derating of an SEIG (IG) is required for long unbalanced operation, in order 
to meet the rated temperature limit. 
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In some situations, single-phase power is required above 2 to 3 kW, and two-phase induction 
machines are not available off the shelf. 

Three-phase SEIG connections for single-phase output were proposed. The Steinmetz connection 
(single-capacitance C* in parallel with the second phase, for A connection) augmented with series 
capacitance C, (K = X,/C,, = 0.3 — 0.6) was demonstrated to extend the V(/) linear curve up to 
2.0 P.U. power at reasonable efficiency. The symmetrization of phases is obtained above rated 
power at a certain value, but the highest phase voltage does not go above 1.2 P.U. 

For powers below 2 to 3 kW, two-phase induction machines are available off the shelf. They 
were, thus, proposed for small-power single-phase output. A practical solution contains an 
excitation capacitor C, to close the auxiliary winding and a series capacitor C, in the main 
(power) winding. Again, the method of symmetrical components is to be used to assess the 
steady-state performance with magnetic saturation consideration as a must. Due to the com- 
plexity of the two self-excitation equations, an optimization method seems practical to use to 
calculate f, C,, and C, simultaneously. The Hooke—Jeeves method was proven to be proficient 
for this endeavor. Again, the series capacitor C, extends the output power range notably with 
reasonable voltage self-regulation. Small-power generator sets may take advantage of this 
inexpensive solution. 

Three-phase SEIG transients occur at self-excitation at no load, load connection and rejection, 
speed variation, and so forth. The d—q model is used to handle the operation modes that are 
crucial for power quality and protection of the system design. Again, magnetic saturation has to 
be included in the model, which may be used first in the space-phasor form. 

Among the main results that we mention after investigating SEIG transients, is that the sudden 
short-circuit at SEIG terminals leads to 5 P.U. current transients for around 20 msec before the 
voltage collapses. Also, a safe starting of an IM connected to an SEIG requires only 160% overrating 
of the SEIG. However, to maintain stable IM operation for 100% step mechanical load, a 300 
(400)% overrating is needed. 

Load rejection leads to a slow increase in terminal voltage to its steady-state no-load value. This 
might be harmful if the speed of the prime mover is not regulated, and speed increases notably 
after load rejection. 

The parallel connection of SEIGs is required, as there are limitations on the prime-mover power 
(unit) due to local energy resource limitations. In general, a single variable capacitor is used to 
self-excite such a group. Again, voltage regulation is better if the speed of some IGs of the group 
is also regulated with load. 

IGs are connected to the power grid experience connecting transients. Recent international stan- 
dards drastically limit the voltage change factor, the current change factor, and the voltage flick 
factor for such transients, in order to maintain power quality in the power grid. 

Direct connection of a cage rotor IG to the grid shows very large transients. However, soft-starter 
connection leads to much lower transients and is recommended for use, especially for larger power 
per unit. Alternatively, series resistors may be used for the scope at lower costs but with lower 
flexibility. 

Power grid disturbances (short-circuit, breaker reclosing, one phase open, etc.) may produce 
very high-peak torques in the generator and in the gearbox (if any), 7 P.U. and 3.0 PU. 
oscillations, respectively, for breaker reclosing after clearing a distant short-circuit. These torque 
oscillations may reduce the fatigue life of the IG shaft and of the gearbox. The transmission 
power train is to be modeled as a multiple inertia system with stiffness and damping connection 
elements. 

Electrical flicker is a measure of the voltage variation that may cause eye disturbance for the 
consumer. The variation of wind power (speed) in time may induce flicker during continuous 
operation. Flicker may also be induced during switchings. For constant speed IGs, this is a 
particularly sensitive issue [35, 36]. 
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5.1 Introduction 


As already discussed at length in Chapter 4, the cage rotor induction generator with fixed capacitance 
self-excitation produces output at slightly variable frequency with load even at regulated (constant) 
prime-mover speed. Many electrical loads are, however, frequency and voltage sensitive. On the other 
hand, variable speed generation is needed in many applications to extract more energy from the primary 
source (wind, water energy). 

Power electronics control in the stator of cage rotor induction generators may be used to allow variable 
speed operation for two situations: 


* Grid or stand-alone operation with constant alternating current (AC) voltage and frequency output 
+ Stand-alone operation with rectifier (direct current [DC]) loads 


AC output stator converter controlled induction generator (SCIGs) require AC—AC (cascaded or direct) 
full power rating static converters. Nowadays, they are fabricated, for variable speed drives, with +100% 
reactive and +100% active power capabilities by proper design, and they are roughly only 50% more 
expensive than the stand-alone diode rectifier power voltage source insulated gate bipolar transistor 
(IGBT) inverters produced for up to 2 to 3 MW per unit. 


5-1 
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The costs of a full power rating converter — with +100% active and reactive power capabilities — 
may be justified by the large motoring and generating speed range and reactive power (or voltage) control 
and flexibility in power grid applications. For reactive loads, the forced commutated IGBT rectifier and 
capacitor filter, eventually, with a boost DC—DC converter, is sufficient to control the converter DC 
voltage output for variable speed. 

In applications where the prime-mover power decays sharply with speed (with cubic speed, for 
example, in wind turbines), it may be sufficient to locate an additional winding in the stator with a larger 
number of poles p,’ > p, (say 6/4, 8/6) and use an AC—AC converter for this auxiliary winding, to augment 
the power of the power winding of the stator that is directly connected to the grid. 

The two windings may work simultaneously or successively. The four-quadrant converter operation 
is very useful to produce additional output above synchronous speed n, = f,/p,. Alternatively, for lower 
speeds, the auxiliary winding may work alone at variable speed to tap the energy below 25% of rated 
power. We will explore in some detail the above configurations. 


5.2 Grid Connected SCIGs: The Control System 


SCIGs may be read as stator converter induction generators or cage rotor induction generators. There 
are two basic schemes: 


+ With AC-AC cascaded pulse-width modulator (PWM) converter (Figure 5.1a) 
+ With direct AC-AC PWM converter (Figure 5.1b) [1,2] 


The configurations with thyristor DC current link AC-AC converter and, respectively, with thyristor 
cycloconverter seem to be merely of historical interest, as their reactive power drainage and current 
harmonics content are no longer acceptable in terms of power quality standards. 

While the matrix converter is still in advanced laboratory status, the cascaded AC-AC PWM converter 
is available off the shelf for powers up to 1 MW and more, with up to +100% reactive power capability. 
The so-called high-voltage direct current (HVDC) light technology uses, in fact, IGBTs in multilevel 
AC-AC cascaded power converters [3], but for higher DC link voltage levels (tens of kilovolts) for DC 
power transmission. 


IG side converter Grid side converter 


Prime |_| Gear IG with | | | 3 phase 
mover | | box | [cage rotor power 
grid 


(a) 


ae 


Matrix converter 


if 


(b) 


FIGURE 5.1 Grid-connected stator converter controlled induction generators (SCIGs): (a) with cascade alternating 
current (AC)—AC pulse-width modulator (PWM) converter, and (b) with direct (matrix) converter. 
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The vector or direct torque control of cascaded PWM converters was applied for variable speed drives 
with fast and frequent regenerative braking. In essence, the control is similar to that for the case of wound 
rotor induction generators (WRIGs) with the cascaded converter connected to the rotor (Chapter 2). What 
differs is the control and the state estimation for the machine-side converter, as IGs have here a cage rotor. 

The motor starting is inherent in the control. Speed, torque, or power control of the machine-side 
converter may be adopted, depending on the prime-mover operation modes. 

For a pump-storage small hydropower unit, motor starting and operation at variable speed are required 
besides generating at variable speed; for a wind turbine unit, no motoring is, in general, required. 

The grid-side converter is controlled for constant DC link voltage and desired reactive power exchange. 


5.2.1 The Machine-Side PWM Converter Control 


To let the control system open for motoring and generating, let us consider that only torque vs. speed is 
performed. In essence, a functional generator produces the desired torque vs. speed curve desired from 
the IG (Figure 5.2a through Figure 5.2c). For motor starting, the torque vs. speed may decrease notably 
with speed (Figure 5.2a). 

In essence, by an a priori applied optimization process involving the prime-mover characteristics and 
IG capability, the optimum torque/speed curves are calculated. From now on, positive or negative torque 
control is performed with the various torque speed curves stored in tables and called upon according to 
the operation mode. 

For generating, the reference power P* is set, but then its value is translated into the torque/speed 
functional reference generator (Figure 5.3). 

The direct torque and flux control (DTFC) seems to be inherent to the application once torque control 
is required. Stator flux (‘¥ ) control is added, and thus, the control system becomes robust and presents 
fast response. The stator flux functional may also be expressed in terms of flux vs. torque, to minimize 
the losses in the IG over the whole speed and power range. The space-vector modulation (SVM) is added 
to further reduce the IG current harmonics, converter losses, and noise. 


Estimated 


Power 


, O,min Op Ormax , 


(a) (b) 


FIGURE 5.2 Typical desired torque/speed curves: (a) for motor starting and operation, (b) for wind turbines stall 
regulated, and (c) for uncontrolled microhydroturbine. 
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FIGURE 5.3 The direct torque and flux control (DTFC) of machine-side converter, 


The two main components of DTFC for SCIGs are the state observers and the DIFC-SVM strategy. 
Vector control strategies perform similarly but apparently with slightly larger online computation efforts 
and higher sensitivity to machine parameter variation. 


5.2.1.1 State Observers for DTFC of SCIGs 


DTFEC of SCIGs requires stator flux vector instantaneous amplitude and position, torque, and (for motion 
sensorless control) speed observers. 

Essentially, the whole body of knowledge on state observers for sensorless cage rotor induction motor 
drives is available for DIFC of SCIGs. The state observers constitute a dynamic subsystem that produces an 
approximation for the state vector of the actual system. The inputs of the state observer are chosen from the 
inputs and available outputs of the actual system. Observers for linear systems were first proposed by 
Luenberger [5]. Then, they were extended for nonlinear systems [6] and by Kalman for stochastic systems [7]. 

There are two basic categories of state observers for adjustable speed electric machine control: 


* Full or reduced order linear structure observers for linear systems 
* Nonlinear observers such as the following: 


* Variable structure 

+ Stochastic or adaptive observers, suitable for uncertain or nonlinear systems 

+ Artificial intelligence observers, such as fuzzy logic, artificial neural networks (ANNs), and 
genetic algorithms (GAs) 


Typical performance indexes for state observers are as follows: 


+ Accuracy (steady state and transient) 
* Robustness 
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+ Convergence quickness 
+ Behavior at zero, very low, and very high rotor speeds 
* Complexity and costs of digital implementation vs. performance 


For a practical overview on state observers for motion sensorless control, see Reference [8]. From the 
myriad of proposed state observers for motion sensorless control, we treat here only the sliding mode 
state observers and direct torque and flux controllers, as they demonstrate the following attributes: 


* Capable of good accuracy down to 3 to 5 rpm in speed control and to zero speed in torque control 
mode 

* Robust once the stator resistance is corrected through an estimator 

* Capable of working for the entire speed range without making changes in software or hardware 


We will treat separately, for convenience, only the flux—torque observer and the speed observer issues. 
To decouple the flux observer from the speed observer errors, the former is conceived as inherently speed 
sensorless. The typical form of the sliding mode flux observer is based on the induction machine (IM) 
space-phasor model [8]: 


dv A A Loa Loan 
a aOR AV, + K soul], -1,)+ KT, -1) (5.1) 
a a 1 


o,) WY +K,sgn(I,—1,)+K3(I,-1,) (5.2) 


where 
R, is stator resistance 
L,, is magnetization inductance 
L, is total rotor inductance T. = L/R, 
R, is rotor resistance 
@, is rotor speed 
v is the stator voltage vector 


WY, are the stator and rotor flux vectors 


The first equation is written in stator frame (@, =0) and the second in rotor flux frame (@, = @y,). 
Consequently, in rotor flux orientation, the term in j(@,,, —@,) disappears. This is how the state observer 
is becoming inherently speed sensorless. Also, the stator and the rotor flux observers use combined sliding 
mode nonlinear and linear feedback terms S. = L - ie coefficients K,,K,, and Kr Ki. 

To further reduce chattering, the “sgn” functional may be replaced by 


sgn(x) if |x|>h 
sat(x)=4 (5.3) 


A low-pass filter on the local dynamics of the functional S, is obtained. To compensate for the inevitable 
offset in voltage or current measurements, the terms are replaced by 


Kiaf ls (5.4) 


A typical embodiment of such a sliding mode plus linear flux observer is depicted in Figure 5.4 [8]. 
The reduction in error with offset compensation of a 0.3 V voltage offset is shown in Figure 5.5a and 
Figure 5.5b. 
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tan” ; (Wig !Wra) 


FIGURE 5.4 Inherently speed sensorless combined sliding mode (SM) linear observer with offset compensation. 


The rotor resistance detuning also produces notable observer errors. A stator and rotor resistance 


estimation is added: 


* LAs. 3 Bcc 
R, = -K,, =I st (ig ~ i.g)+ 15 lig ~ i)) (5.5) 
R, = KR, 
i is the estimated current vector. 
A standard Luenberger current estimator in the stator frame is used for the scope: 
y ¥) i} IK \_ » 
d Ss A Ss — i: — 
fy af | al ew 4h @-1) (5.6 
dt wy A, 2] pp 0 K, 
1 =C¥,+C,¥, (5.7 
1 (l-o) 1 1 
A = + m (0) =" =-| —-]Oo 5.8 
11 (+ To \a, LLo Te J } 21 T 22 (2 J : ( 
ICFs -pBslla. GI x) 
ie tie" 


Zero-speed torque-mode operation is shown in Figure 5.6a through Figure 5.6f for a 1.1 kW IM with 


cage rotor [8]. 
Acceleration to 1500 rpm with the same observer is presented in Figure 5.7a through Figure 5.7f. The 


same observer configuration performs well from 0 to 1500 rpm and more. 
The speed and torque observers used here are standard, though many others were investigated [8]. As 


the stator and rotor resistances are corrected online, 


O, = Oy, — O,, (5.10) 
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FIGURE 5.5 Voltage offset compensation 0.3 V in flux, torque, and speed errors: (a) two gains K = 0.5, 2.5 and (b) 
modified SM (5.4) -K, = 20, K; = 80. 
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The rotor flux vector instantaneous speed Oy, calculator (Equation 5.11) includes the sampling time T. . 
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FIGURE 5.6 Zero-speed torque-mode sensorless with sliding mode flux observers: (a) estimated rotor speed, (b) 
measured rotor speed, (c) estimated torque, (d) estimated stator and rotor flux, (e) estimated stator current magni- 
tude, and (f) stator current estimation error (Adapted from C. Lascu, Direct Torque Control of Sensorless Induction 
Machine Drives, Ph.D. thesis, University of Politehnica, Timisoara, Romania, 2002.) 


5.2.1.2 The DTFC-SVM Block 


As explained in Chapter 2 for the WRIG, DTFC was developed as a fast response deadbeat torque and 
flux control to stand for an alternative implementation to vector control. 

The principle of analogy with the DC motor, embedded on vector control, is replaced in DTFC by stator 
flux direct acceleration or deceleration and increasing or decreasing amplitude. An adequate combination 
of voltage vectors in the PWM voltage source converter is triggered based on torque error, flux error signs, 
and stator flux vector position in one of the six, 60° wide, sectors of an electrical period (Figure 5.8, [9]). 

For torque control only, the speed estimation is not even required. For speed control it is. Also, the 
speed estimator is needed when the prime mover speed control is operated in an SCIG application. 

The original DTFC is characterized by the following: 


+ Fast dynamic response in torque and flux 
* Robustness 


* No need for current controllers 
+ Simplicity 
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FIGURE 5.7 Acceleration transients with sensorless direct torque and flux control (DTFC) for a 1.1 kW induction 


machine (IM): (a) estimated rotor speed, (b) measured rotor speed, (c) estimated torque, (d) estimated stator and 
rotor flux, (e) estimated stator current magnitude, and (f) stator current estimation error. 
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FIGURE 5.8 Original direct torque and flux control (DTFC) of an induction machine (IM). 
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+ Inherent sensorlessness (no rotor position is required for control) 
+ High torque and current ripple 

* Voltage source inverter (VSI) switching frequency that is variable 
+ High acoustical noise at low speeds 

* Steady-state torque error 


To take advantage of DTFC qualities but circumvent its difficulties, the space-vector modulation (SVM) 
[9] together with various implementations of torque and flux regulators were successfully introduced 
[10]. Variable structure torque and flux controllers (VSCs) plus SVM solutions are presented here [9-11]. 

Basically, the d-q voltage components V; vo are calculated from flux and torque errors €,, €,, by 
combining proportional integral (PI) with sliding mode control. The sliding mode functional vector is S : 


S,=Sy, + IS, = Ey, + JEp, (5.14) 
a 1 
Vu = [Kv + s hw Je Be Kop S8Sy,)) (5.15) 
‘“ 1 — 
Ve = i + sie Je. + Ko US. ))+ OF, (5.16) 


Equation 5.15 and Equation 5.16 reveal the combination of PI and nonlinear (sliding mode) regulators 
and also the motion electromagnetic field (emf) compensation (@,,¥). Again, the stator flux speed Oy, 
(estimated earlier in this paragraph), and not the rotor speed, is required. The block diagram of the 
stator flux and torque linear and discontinuous (SM) controllers is shown in Figure 5.9. 

The reference stator voltages V a in stator flux coordinates are transformed by the Park transformation: 


V cos(8,,,) —sin(@, ) 
Vv" 
Vii= co{ 8,2) ~sin{ 04,72 . es (5.17) 
qs 
20 


From now on, an open loop PWM technique may be used to “construct” the stator voltage waveforms 
[9, 11]. The operation of such an IM sensorless 1.1 kW drive with DTFC-SVM during +6 rpm speed 
reversal under full load is indicative of good performance (Figure 5.10a through Figure 5.10h). 


Flux control 


FIGURE 5.9 Linear and SM feedback direct torque and flux control (DTFC). 
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FIGURE 5.10 Sensorless operation for +6 rpm speed reversal under full load with linear plus SM direct torque and 
flux control (DTFC)-space vector modulation (SVM) control: (a) estimated rotor speed, (b) measured rotor speed, 


(c) estimated torque, (d) estimated stator and rotor flux, (e) estimated (@,f) stator flux, (f) estimated (af) rotor 
flux, (g) estimated (0,8) stator current, and (h) estimated stator current trajectory. 
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FIGURE 5.11 The grid-side pulse-width modulator (PWM) converter control. 


While DTFC-SVM sensorless control with linear and SM controllers and observers was illustrated for 
an IM drive, the same may be used directly in the SCIG control system shown in Figure 5.3. 


5.2.2 Grid-Side Converter Control 


Grid-side converter control is, in general, standard vector control, where DC link voltage control 
provides for active power from (to) DC link voltage to (from the power grid, while reactive power 
control provides for reactive power exchange with the power grid), (Figure 5.11). The reactive power 
exchange with the power grid is, in fact, provided by the oversized DC link capacitor, which also “covers” 
the IG magnetization. 

The active power exchange is controlled through the machine-side converter from (to) the IG. Adequate 
voltage and capacitance oversizing of the DC link may provide for up to +100% reactive power exchange Q’, 
which is so useful in the local power grid voltage control and stabilization. Q* may be commanded by the 
grid voltage error with respect to a desired value. The DC link reference voltage V,,. is generally kept constant 
under normal operation circumstances, but it may be reduced in relation to reactive power requirements. 

When an inductance-capacitance inductance (LCL) filter is introduced between the grid-side converter 
and the grid, speed decoupling of filter inductance L along the q axis current control is added, to 
construct v. (Figure 5.11). The measured frequency of power grid voltage @, is required for decoupling, 
to speed up the response in the presence of the power filter. 


5.3 Grid Connection and Four-Quadrant Operation of SCIGs 


Consider the case of a microhydroturbine, also capable of pumping operation, that needs variable speed 
during generating periods to eliminate the speed governor and provide for good overall turbine efficiency 
for variable water heads. 
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FIGURE 5.12 Testing stator converter controlled induction generator (SCIG) to the power grid. 


The standard synchronous generator solutions require speed governing in the microhydroturbine for 
constant speed, to provide constant frequency. Also, the acceleration and the synchronization take time, 
as they are done by the turbine and are not protected from severe transients. 

The SCIG, on the other hand, may start with the IG in motoring by fixing a positive torque reference 
to the machine-side converter to complement the unregulated torque contribution of the turbine, after 
the water gate is opened. The acceleration is fast, and the “synchronization” sequence is eliminated. All 
that is needed is to set a negative reference torque (or power P’) to control the system and a positive (or 
negative) reactive reference Q’ to the grid-side converter. If pumping is required, the positive torque 
(power) reference is maintained and tailored to speed to best exploit the pump induction motor system 
up to 20 to 50% above base (rated) speed n, = a For better pumping, the turbine pump needs more 
speed than that needed for good turbining. 

Experiments were performed on a laboratory system using two 10 kW cage rotor IMs, one playing 
the role of the turbine and the other the role of the SCIG (Figure 5.12). The 25 kVA four-quadrant 
cascaded PWM AC-AC converter was an off-the-shelf device intended for variable speed drives with fast 
regenerative braking of large inertia loads. 

The turbine was emulated by a variable speed drive in speed control mode. Starting can be performed either 
by the “turbine” up to a preset speed or simultaneously by the turbine and the SCIG in the motoring mode. 

Steady-state operations at the power grid in generating for 0 and 50% reactive power delivery are 
illustrated in (Figure 5.13a and Figure 5.13b). 

The power grid current evolution when, for —100% reference torque (generator) at the IG side 
converter, control input is maintained, and the speed is ramped down by “turbine” control from 1500 
to 800 rpm is shown in Figure 5.14. 

Rather smooth generating to motoring transients were obtained. Grid current vs. voltage waveforms 
during motoring acceleration (for pumping ) at zero reactive power exchange with the power grid are 
shown in Figure 5.15. Full four-quadrant operation was thus performed. 

It goes without saying that “synchronization” has become an irrelevant concept, as it can be done at 
variable speed. Also the disconnection from the power grid can be done smoothly via the grid-side and 
machine-side converters. The two converters provide flexibility and opportunities for various actions, 
should power grid faults occur. 
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FIGURE 5.13 Steady-state generating at the power grid (1500 rpm), voltage and current at (a) zero reactive power 
and at (b) 50% reactive power delivery and 100% torque. 


FIGURE 5.14 Grid phase current for generating at 100% torque when speed is ramped down by the turbine control 
from 1500 rpm to 800 rpm. 


FIGURE 5.15 Grid voltage and current during acceleration for motoring. 
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The full rating of a four-quadrant AC—-AC cascaded PWM converter turns out to be a performance 
asset, as it controls the whole power exchanged with the grid: active and reactive. All of this comes at 
higher costs than in WRIGs, where the rating of the four-quadrant cascaded AC-AC PWM converter is 
25 to 30% of the rated power. The latter, however, has tight control only on £25% of the power. It should 
be noted that the commercial four-quadrant PWM IGBT converter used in our experiments and built 
for drives requires additional LCL filtering between the grid-side converter section and the power grid 
to improve the current waveforms in order to fully comply with the contemporary strict power quality 
standards. 

Load rejection of SCIG at the power grid with controlled turbine tends to lead to overspeeding, unless 
a ballast (alternative) load is provided in the DC voltage link. But, this represents a transition from power 
grid to stand-alone operation, which will be discussed next. 


5.4 Stand-Alone Operation of SCIG 


In stand-alone operation, the SCIG is considered the only source meant to produce constant voltage and 
frequency output. 

The IG-side converter control may remain the same as that for the grid connection (DTFC, in our 
earlier presentation). The power (torque) vs. speed reference function generator is again based on optimal 
utilization of the turbine generator and the available primary energy (water or wind energy). The control 
of the output voltage and frequency and the power balance between the generator and the load powers 
are performed through the grid-side PWM converter, which needs alteration in comparison to the grid 
connected operation mode. Current limitation means, through the control, are required along with 
voltage feed-forward and filter inductance L decoupling. 

A DC voltage limiter Voy, triggers a DC-DC converter that feeds a resistive load connected in the 
DC link, to balance the generator to load power. Finally, a battery in the DC link is needed to provide 
initial DC link voltage to initiate the self-excitation of the IG. 

All things considered, a generic control system for stand-alone operation would look like that shown 
in Figure 5.16. The controlled system in Figure 5.16 is basically an indirect voltage vector with current 
limiters [12]. Vector current indirect control is also possible. The vector control is performed in load 
voltage orientation and, at least at the initialization, this voltage is zero, so the angle 6, of the load voltage 
vector has to first be imposed as follows: 


6 = J w*dt (5.18) 


where @, is the reference load frequency. Moreover, the reference DC voltages Vy and Vi have to be 
carefully correlated, depending on requested active and reactive power loads and on the LCL filter 
characteristics (to some extent). 

As the active power is transmitted through the IG, its control should be placed there, while the reactive 
power control requirement should govern the Ve value. When the load is too large, the V,, controller 
decreases the reference voltage Vi by fast action. 

Instead of the actual load voltage vector angle in the Park transformation for open loop PWM of Vie 
and V_, it seems reasonable to use the value from Equation 5.18, as frequency @, has to be imposed. Full 
load, applied on 50% load, transient operation of such an 11 kW laboratory system is illustrated in 
Figure 5.17a and Figure 5.17b [12], for constant speed, in terms of DC voltage Vi. and Vv, (in fact, load 
voltage amplitude) responses. 

The DC voltage recovers quickly at the reference value after a notable drop. And, V, (load voltage) 
recovers quickly, but after a peak, possibly due to the LCL filter intervention. 

Note that the grid connected and stand-alone control systems may be integrated and allow for both 
operation modes and smooth transitions from one to the other [12]. 
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FIGURE 5.16 Stand-alone stator converter controlled induction generator (SCIG) control system. 


(a) (b) 


FIGURE 5.17 Full load application over 50% load: (a) V,, vs. time and (b) V, vs. time. 
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FIGURE 5.18 Frequency and voltage droop curves. 


5.5 Parallel Operation of SCIGs 


Stand-alone SCIGs are to be connected in parallel, and they have to share equitably the load power (active 
and reactive). Sharing power “equitably” between PWM converters may be accomplished as done for 
synchronous generators: through voltage and frequency droop curves (Figure 5.18). 

It is well understood that the frequency and voltage in the load are the same for all SCIGs. The active 
and the reactive power sharing of each SCIG depends on the frequency and on the voltage 
droops Aq@,, AE, of each component of the group. 

If the SCIGs are of different ratings, they have to load in the same proportion to the rated load, in 
order to ensure maximum output, without overloading too much any of the SCIG components of the 
group. The load active and reactive power requirements P Q, have to be measured (estimated) from 
measured voltages VV, and currents #, 4,. They then should be divided with corresponding weightings 
among the SCIGs of the group: 


P= Cy (P,P = DP (5.19) 


Q,= oe Oo i = ya (5.20) 


The weight coefficients C,, and C,, depend on P, and Q, and on the availability, costs, and risks of 
various SCIGS, as some may be driven by wind turbines, and some by gas turbines, microhydroturbines, 
or diesel engines. 

The frequency and voltage droops of each SCIG decrease with active and reactive power. So, V;, and @, 
should be lowered slightly with power P,Q, to allow for load sharing but not compromise power quality. 
The transient operation of two single-phase converters in parallel for step power commands is shown in 
Figure 5.19 [13]. 

The responses in frequency (Figure 5.19a) reveal clearly the fact that the first converter experiences a 
reduction in active power (P), while the second shows an increase in active power (P) (Figure 5.19b). 
Though the changes in frequencies of the two converters are rather small, they (Figure 5.19a) are decisive 
for active power sharing. The same rationale applies for changes in voltages. 

Going back to the control of each SCIG, it means that we only need to change the Vv; and o; (in 0°), 
accordingly, to active and reactive power requests from that particular SCIG. 

Note that handling unbalanced power grid voltages and unbalanced loads in stand-alone operation 
may be done through separate control of positive and negative sequences. This way, the voltage dips in 
the power grid are markedly reduced [14]. 
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FIGURE 5.19 Two pulse-width modulator (PWM) converters in parallel: (a) frequency and transients and (b) active 
and reactive power transients (P;,P,,Q,,Q,). 


5.6 Static Capacitor Exciter Stand-Alone IG 
for Pumping Systems 


Considering the energy storage capacity/water pumping in a reservoir for later use seems to be one of the best 
ways to use wind energy, which has a supply that is time dependent (by day and season). As variable speed 
is useful, to tap most of the wind energy from cut-in to cut-off wind speeds, the frequency of the voltage 
generated by the IG varies markedly, but the ratio V/f does not vary much. For induction-motor-driven pumps, 
such a situation is adequate. Consequently, the frequency of the IG does not need to be controlled at induction 
motor terminals. To provide controlled voltage at various speeds, the single value capacitor needed to self- 
excite the IGs must be varied. A static capacitor exciter (SCE; Figure 5.20) does just that. 

The static exciter handles only the reactive power requirements of both the IG and IM through adequate 
control [15,16]. 

For self-excitation, the magnetic flux in the IG has to remain above a certain level, and the output 
voltage V, proportional to IG speed w, must be producing a good approximation to that. If speed 
feedback is not available, a V, proportional to frequency @, will do the job. 

A vector control system that keeps both the capacitor voltage and the generator voltage proportional 
to speed (or frequency) is shown in Figure 5.21. 

The stator flux in the IG is close-loop controlled (rather than imposed only) through the generator 
voltage amplitude regulator along the i, channel. 

The DC capacitor voltage is also PI controlled to correspond to generator voltage proportional to speed. 
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FIGURE 5.21 Vector control of static capacitor exciter (SCE) induction generator (IG) for induction machine (IM) 


water pumping system. 
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FIGURE 5.22 Stator flux ‘¥, and capacitor voltage V,, transients during speed ramping from 1200 rpm to 1800 rpm 
and then back to 1200 rpm. 


As the magnetization current in the machine is maintained rather constant through V/f control, the 
equivalent value of the capacitor is inversely proportional to speed. The IG stator flux is, thus, constant over 
a wide range of speeds. The induction motor flux should also be constant with generator speed (V/f control). 

Typical behavior of such a system [16] is depicted in Figure 5.22, where the speed is ramped from 
1200 to 1800 rpm and back. The IG and IM flux and capacitor voltage V,. are recorded. 

As expected, the response is smooth and stable. The centrifugal characteristics are such that the 
pumping flow rate Q varies proportionally with wind speed, until the maximum power ceiling of the 
stall regulated wind turbine is reached. 


5.7 Operation of SCIGs with DC Voltage Controlled Output 


Variable speed operation with some stator converter control of cage rotor IGs may be obtained at 
reasonable costs if DC voltage controlled output is considered. DC loads with battery backup are a typical 
application for stand-alone operation. 

When the SCIG is part of a group of generators to be paralleled, on a common DC voltage bus, with 
a single inverter to connect the group to a local power grid or to a cluster of AC loads, the same situation 
occurs. 

Offshore wind farms are a typical example, as is a group of microhydrogenerators. In principle, the 
SCIG is self-excited through a static exciter (SCE; Figure 5.20 and Figure 5.21). The IG is designed to 
produce a voltage that even at maximum speed will need a bit of boosting through the diode rectification 
and filtration, in order to produce fast controlled constant DC voltage output (Figure 5.23). 
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FIGURE 5.23 Static capacitor excited (SCE) induction generator (IG) with controlled direct current (DC) voltage 


output. 


If the IG is built with a rather high rated power factor (above 0.8), the SCE is designed for partial 


power (reactive power) ratings (below 0.6 per unit [P.U.]) and, thus, for lower costs. 


In essence, as described in a previous paragraph (Figure 5.21), the generator voltage increases propor- 
tionally to speed. Consequently, the capacitor rating is minimum. The diode rectifier with capacitance 
filter provides for the active power input to the boost DC—DC converter with filter. A DC voltage robust 


regulator regulates the output DC voltage. 


The boost converter makes use of an IGBT power switch for sufficient switching frequency to reduce the 
size of the output filter (f,)Cp. The boost converter may also be implemented with three AC power switches 
(with six thyristors of partial rating) connected to the diode rectifier median point (Figure 5.24) [17]. 
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FIGURE 5.24 Static capacitor excited (SCE) induction generator (IG) with median point diode rectifier voltage 


booster and direct current (DC) controlled output. 
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FIGURE 5.25 Self excited induction generator (SEIG) with controlled rectifier and voltage booster. 


The voltage boost is provided by the capacitance Cy,Cp as energy storage elements. The three AC 
(bidirectional) thyristor switches of partial ratings plus the capacitance Cj,Cp are expected to cost less 
than the single IGBT and the inductor energy storage element. 

The diode rectifier generally provides on the input side a unity power factor for the fundamental. 
Consequently, no reactive power is transferred on the DC side for the scheme in Figure 5.23. The phase 
delay action of the thyristor switches in the median point voltage booster slightly modifies this situation, 
but the capacitor energy storage elements C,, and C,, compensate for it. The capacitance required for the 
same DC voltage output ripple should be larger for the latter case, as the thyristor switching frequency 
is less. 

It is also possible to use the uncontrolled capacitor self-excited IG, a fully controlled rectifier to reduce 
the DC output voltage at higher speed, and an inductor plus a IGBT switch voltage booster with a 
capacitance filter (Figure 5.25). 

The thyristor rectifier lowers the generator voltage, which tends to increase with speed, while the booster 
increases it to maintain the output voltage constant with speed. The concerted action of rectifier and booster 
control is to produce fast and stable DC voltage control. At light load, the rectifier absorbs almost only 
reactive power to produce controlled IG terminal voltage. Operation of the controlled rectifier at large delay 
angle (almost 90%) is not appropriate for DC load voltage control. 

The operation is proper when the boosting stage is at work. So, the minimum reference voltage V,, 
(Figure 5.25) has to be higher than the maximum voltage of the rectifier for 1.0 P.U. IG voltage [18]. 

As expected, in all of the above schemes, load rejection, for constant speed, does not produce significant 
overvoltage transients. In the SCE schemes, the failure of the SCE or voltage booster control at maximum 
speed does not produce severe overvoltages to the diode rectifier, as the IG de-excites quickly in the 
process. This is not so for the controlled rectifier scheme, where the whole capacitor remains connected 
at the generator terminals. 

Connecting a few such SCE IGs in parallel on the DC voltage bus poses not only the problem of voltage 
stabilization at a constant value, but also the problem of power sharing. Changing slightly the reference 
voltages V/of various SCE IGs, based on voltage to power droop curves, is appropriate for the scope of 
our discussion here (Figure 5.26 for two SCE IGs). 

The total load power is divided between the SCE [Gs in parallel, based on the energy availability and 
minimum risk or other criterion, accordingly, to voltage vs. power droop curves calibrated at commissioning. 

The power of each SCE IG system, on the DC side, has to be measured, and, eventually, close-loop 
voltage droop setting is performed. 

Note that a secondary stator winding may be used and supplied through an SCE to improve the 
characteristics of a self-excited (with fixed capacitors) primary AC output IG [18]. 
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FIGURE 5.26 Direct current (DC) voltage vs. power droop curves. 


Though some reduction in frequency variation was obtained, the flexibility of the solution is still 
limited in terms of speed for frequency-sensitive loads. The solution is similar in effect to the SCE IG, 
but it costs more, as the IG is provided with dual windings. 


5.8 Dual Stator Winding for Grid Applications 


A dual stator winding cage rotor IG [19,20] may have a main three-phase winding with p, pole pairs, 
designed at 100% rated power, and an auxiliary three-phase winding with p,’ pole pairs (p,/p,’ = 2/3, 3/4) 
designed at around 25% power rating. Alternatively, two separate such machines may be placed on the 
same shaft (Figure 5.27a and Figure 5.27b). 

The 25% rating cascaded (bidirectional power convertor has four-quadrant control capabilities for 
25% of rated power of the main winding [generator]) and may be at work when the following conditions 
are met: 


* Load is below 25%, and the main winding (IG) is turned off 
+ The main winding (IG) is at work above 100% power, and additional power is available at the 
prime-mover shaft and should be delivered to the power grid 


The larger number of poles (p, > p’) makes the auxiliary winding (IG), fed at variable speed, suitable 
for lower speeds. Also, with p,’/p, = 2/3, 3/4 not very different from unity, less than 150% of power grid 
frequency is needed in the auxiliary winding fed through the AC—AC converter to add power at speeds 
between synchronous and peak torque speed for main winding. 

As motoring and generating are feasible, through the PWM AC-AC converter, the latter may also be 
used to damp the rotor oscillations due to natural variations (wind gusts, tower shadow blade pulsations, 
etc.) in wind speed. 

As the number of poles of the two windings 2p, and 2p,’ are different than each other, there is no 
main flux coupling between them other than through the leakage flux, which may be neglected, to a first 
approximation. 

The two windings are fed with voltages of two different frequencies @, and w/, and their rotor currents 
may have different frequencies: @, # @/. So, the two windings interact with the rotor cage independently, 
and thus, they may be modeled separately, as in the case of two IGs (Figure 5.26) that have the pertinent 
rotor parameters. 

Typical steady-state characteristics, shown in Figure 5.27, may look like those of the pole-changing 
SEIG in Chapter 4, but the auxiliary winding IG is now capable of four-quadrant smooth operation in 
a roughly —50% speed range, with notable reactive power exchange capability. The 25% rating was taken 
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FIGURE 5.27 Dual stator converter controlled induction generator (SCIG) for power grid applications: (a) with 
dual stator winding and (b) with dual induction generator (IG). 


as a good compromise between additional costs and performance gains (Figure 5.27). The transients in 
the power grid may be reduced through the PWM AC-AC converter control. 

Note that the dual stator winding concept was proposed for widely different pole counts in variable 
speed IM drives with two PWM converter controls in order to provide for more controllable torque at 
very low speeds [20]. 

Static converter full power control may also be used for single-phase AC power grids in remote 
populated areas. As only the load-side PWM converter is changed to a single phase one, this case will 
not be treated further here (see Reference [18] for more details). 

Cage IG design is similar to motor design for variable speed with special attention paid to losses and 
overspeeding. For details, see Reference [1], Chapters 14 through 18. 
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FIGURE 5.28 Torque vs. speed curves of an induction generator (IG) with auxiliary stator winding four-quadrant 
power converter control. 
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Summary 


Cage rotor IGs connected directly to the power grid (Chapter 4) behave rigidly, causing severe 
transients both in the power grid and in the IG torque. To soften this behavior and tap most of 
the prime-mover energy (wind turbines, for example), or reduce fuel consumption (in diesel 
engines), variable speed generation at constant voltage and frequency power grid is required. 
Full power bidirectional (four-quadrant AC-AC) PWM static converters are that soft interface 
between IG and the power grid at variable speed. They are called here SCIGs. 

Four-quadrant PWM static converters may be of cascaded (indirect) type or of direct (matrix) type. 
Only the back-to-back voltage source PWM converters are available off the shelf up to 1 megawatt 
(MW) per unit and more for special orders. 

In the cascaded PWM AC-AC converter, direct torque and flux control strategy may be applied 
to the machine-side converter, and vector control is adequate for the machine-side converter. The 
prime-mover optimal use leads, finally, to an almost linear power vs. speed curve, with a limiter. 
The machine-side converter may be torque controlled with torque reference calculated from power 
reference vs. speed of wind or hydroturbine or diesel engine. 

DTFC of machine-side converters seems the natural choice. The reference stator flux may be 
calculated as torque and speed dependent, to reduce IG losses at all speeds. 

An implementation case study with sliding mode flux observers and torque and flux controllers 
for sensorless control is illustrated in the chapter. Space-vector modulation in the machine-side 
PWM converter is added to reduce current, flux, and torque ripple. The same implementation 
would work for machine-side PWM converters. 

The grid-side converter is vector controlled with orthogonal axes aligned to grid voltage vector. 
Along axis d (voltage vector position), active power exchange is provided through DC link voltage 
and d axis current controls that output V;. Along axis q, the grid voltage is regulated, and its 
regulator output commands the reactive power reference. 

Cascade reactive power and i, regulators then provide Ves 

After transformation to V’’ V, V.’, the three AC voltages are produced by the inverter through PWM 
techniques. 

The cascaded AC-AC PWM converter provides for smooth motor starting and then motoring or 
generating to the power grid. The standard synchronization sequence is fully eliminated. Safe and 
soft connection and disconnection to the power system are inherently available. 
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Up to +100% reactive power exchange with the power grid is available, which eliminates the 
external capacitor bank, with its stepwise control so typical and problematic in fixed speed IGs at 
the power grid. 

Experimental work on a 10 kW unit is solid proof of these claims. The price to pay for this 
performance is the additional costs of the four-quadrant PWM AC-AC converter. 

Stand-alone operation of SCIGs occurs when during operation at power grid, full load rejection 
is required or when the system is designed for separate loads. 

In stand-alone operation, the machine-side converter control stays the same as for power grid 
operation. The load-side converter control changes markedly, from current control type to voltage 
control type. 

For stand-alone operation, the DC link voltage control imposes on the V, (load voltage in syn- 
chronous coordinates) control, with given frequency. Voltage decoupling of the filter (Li, ) might 
also be added. Good voltage response to sudden load increase was demonstrated. 

Parallel operation of stand-alone SCIGs leads to paralleling of voltage source inverters. 

To provide for desired power sharing between SCIGs of the group AV, vs. P;, Q; droops are used 
as for synchronous generators in power systems [21]. 

Static capacitor exciters (SCEs) at IG terminals are a lower cost alternative to control the IG 
terminal voltage. For variable speed operation, the terminal voltage is kept proportional to speed, 
as the DC (capacitance) voltage does. For induction motors, this is equivalent to V/f, variable 
frequency scalar control, ideal for centrifugal water pumps. 

The same SCE solution, but with rectifiers and DC voltage booster, may provide constant DC 
output voltage output at variable IG speed. Again, the SCE is vector controlled. IG voltage speed 
and capacitance voltage are kept proportional to speed (frequency) to maintain large stator flux 
in the IG, which is needed for self-excitation. 

Load rejection in SCE IG, when all power electronics elements are faulting, does not lead to 
dangerous overvoltages, as the IG de-excites rapidly. 

Dual stator winding IGs or dual IGs, one of 100% power rating and the other of about 25% power 
rating and slightly larger pole count 2p,’/2p,>1, were also investigated. 

The lower power rating winding (machine) is connected to the power grid through a four-quadrant 
AC-AC PWM converter. The main winding (or IG) is connected directly to the power grid. 

The four-quadrant AC-AC PWM converter may work alone below 25% rated power at lower 
speed, or it may assist the full power winding (IG) with up to 25% more power, or it may help 
in damping the prime-mover torque oscillations. 

IG design for variable speed is similar to IM design for variable speed. For more details, see 
Reference [1], Chapters 14 through 18. 
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6.1 Introduction 


Increasing comfort and safety in cars, trucks, and buses driven by combustion engines require more installed 
electric power on board [1]. As of now, the claw-pole-rotor generator is the only type of automotive 
generator used in industry, with total powers per unit up to 5 kW and speeds up to 18,000 rpm. 

The solid rotor claw-pole structure with ring-shaped single direct current (DC) excitation coil, though 
supplied through slip-rings and brushes from the battery on board, has proven to be simple and reliable, 
with low cost, low volume and low excitation power loss. 

In general, the claw-pole-rotor generator is a three-phase generator with three or six slots per pole and 
with 12, 14, 16, 18 poles, and a diode full power rectifier. 

Its main demerit is the rather large losses (low efficiency), around 50% at full power and high speed. 
Producing electricity on board with such high losses is no longer acceptable as the electric power require- 
ments per vehicle increase. 

Improvements to the claw-pole-rotor (or Lundell) generator design for better efficiency at higher 
powers per unit are currently under aggressive investigation by both industry and academia, and encour- 
aging results were recently published. 
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The first commercial mild hybrid electrical vehicle, launched in 2002, makes use of the Lundell machine 
as a starter/generator. 

This chapter presents both simplified and advanced modeling of the Lundell generator for steady-state 
and transient performance. Pertinent control and the latest design improvement efforts and results are 
also included. The chapter ends with discussion of the starter-generator mode Lundell machine, with 
its control and design aspects for hybrid electric vehicles. 


6.2 Construction and Principle 


A cross-section of a typical industrial claw-pole-rotor generator is shown in Figure 6.1. It contains the 
following main parts: 


* Uniformly slotted laminated stator iron core 

+ Three-phase alternating current (AC) winding: typically one layer with q = 1, 2 slots per pole per 
phase, star or delta connection of phases 

* Claw-pole rotor made of solid iron parts that surround the ring-shaped DC-fed excitation 
(single) coil 

* Copper slip-rings with low voltage drop brushes to transfer power to the DC excitation coil on 
the rotor 

+ Bearings and an end frame made of two sides — the slip-ring side and the drive-end side; the 
generator is driven by the internal combustion engine (ICE) through a belt transmission 


The Lundell generator AC output is rectified through a three- or four-leg diode rectifier and connected 
to the on-board battery (Figure 6.2). Today, 14 V,. batteries are used, but 42 V,, batteries are now adopted 
as the new standard for automotive application loads [1]. 

The diodes D, to D, (Dg) serve the full-power output rectification and are designed for the maximum power 
of the generator. For large units (for trucks, etc.), three elementary diodes in parallel are mounted on radiator 
semilegs to comply with the rather high current levels involved (28 V,,, batteries are typical for large vehicles). 
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FIGURE 6.1 Claw-pole-rotor (Lundell) generator. 
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FIGURE 6.2 Typical industrial Lundell generator system. 


The excitation coil is supplied from the generator terminals through a half-bridge diode rectifier of 
low current level (in the 5 to 20 A interval) and a DC-DC static power converter. A voltage sensor and 
regulator command the DC-DC converter to keep the voltage of the battery in a certain interval (roughly 
12 to 17 V4. for 14 V,, batteries) at all times, and provides overvoltage and overcurrent protection. 

The battery voltage depends on the state of charge, on its ambient temperature, and on the load level. 
In designing the generator, the extreme conditions for the battery have to be considered. When the tem- 
perature decreases, the battery voltage increases for all states of battery charge. For 100% battery charge, 
the battery voltage may increase from 13.4 V at 60°C to 16 V at 20°C. For 10% battery charge, the same 
voltages are, respectively, 10.75 V and 14 V. Battery age plays an important role in voltage regulation. 
Comprehensive modeling of the battery is required to exploit it optimally, as the average life of a battery is 
around 5 yr or more for a typical car of today. 

The generator should provide the same current for the load (or for the battery charge) from the ICE 
idle speed (700 to 1000 rpm, in general) onward. The excitation circuit is disconnected when the ICE is 
shut down, to save in battery life and in fuel consumption. 

The stator windings for cars, especially, are the one-layer type, with q = 1 slot/pole/phase and with 
diametrical coils. They are machine-inserted in the slots, and the slot filling factor Kj is modest (around 
or less than 0.3 to 0.32). 

Only with large power units (P > 2.5 to 3 kW), q = 2, when chorded coils are used, to reduce 
magnetomotive force (mmf) first-space harmonics (fifth and seventh), the distribution and chording 
factors, for the y harmonic, Kay Kyp are as follows: 

siny di 
, 1 
aE K SL eat (6.1) 
64 


For q = 1, chording the coils to y/t = 2/3, as the only possibility, the mmf fundamental (or power) is as 
follows: 


20 
K = sin—— = 0.865 6.2 
(K,,) 5 (6.2) 


This is why chording is not generally used for q = 1, though the length of coil end turns would be reduced 
notably, and so would the stator winding losses. 

The number of poles is, in general, 2p, = 12, as a compromise between size reduction and increasing 
iron core loss. Also, 2p, = 14, 16, 18 are used for larger power units (for buses, trucks, etc.). 
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(b) 


FIGURE 6.3 (a) The 36-slot, 12-pole winding (half of it is shown) and (b) the stator magnetomotive force (mmf) 
distribution for three and two conducting phases. 


For completeness, let us include here the typical three-phase, N, = 36 slots, 2p, = 12 poles winding 
(Figure 6.3a and Figure 6.3b). Only one phase is shown in slots. The mmf distributions for sinusoidal 
currents for i,, =i 


max = — 2p, = —2i,, and for i,, = 0, ig) = 1) = imax as are also shown. 

The mmf distribution changes between the extreme shapes in Figure 6.3a. With the diode rectifier, 
the waveform of the stator phase currents changes from quasi-rectangular (discontinuous) at idle engine 
speed to quasi-sinusoidal (continuous) waveform at higher speeds (Figure 6.4). 

For the eight-diode bridge, the existence of null current leads to a third harmonic in the phase currents. 

So, even without considering the magnetic saturation, the mmf space harmonics and phase current 
time harmonics pose specific problems to the operation of the Lundell machine, which is, otherwise, a 
salient-pole rotor synchronous machine. 

Typical phase voltage and current waveforms at 1500 and 6000 rpm are shown in Figure 6.5a and 
Figure 6.5b, with rectifier and resistive load (no battery). 

As the speed increases notably, third harmonics show up in the phase voltage. Also, the phase shift 
between the fundamental voltage and current increases from about 1° at 1500 rpm to 9° at 6000 rpm. 
This latter phase lag is categorically due to the commutation of diodes — three diodes work at a time at 
high speeds — in corroboration with the machine commutation inductances. 
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FIGURE 6.4 Ideal shapes of generator currents (star connection). 


The third harmonic in the phase voltage under load comes from the distribution of the flux density 
in the airgap. This, in turn, is due to magnetic saturation in corroboration with the q = 1 diametrical 
winding and slot openings. 

The trapezoidal shape of the claw poles (Figure 6.6) corresponds to a kind of double skewing and thus 
produces some reduction in flux density and radial force harmonics. Noise is reduced this way also, and 
so is the axial force. 

To further reduce the noise, the claw poles have a chamfer (Figure 6.6). The chamfer also reduces the 
excitation field leakage between neighboring poles. 

With T the pole pitch, the same in the stator and rotor, the claw-pole span in the middle of stator stack, 
.7, is the main design variable for claw poles. The additional geometrical variables are (Figure 6.6) 9, W,, 
W,, d., and W.. 

In general, the pole angle a. = 0.45 to 0.6; the claw angle is @. = 10 to 20°. The lower values of a, and 
@. in the above intervals tend to produce higher output with rectifier and battery operation. 

Taking note of the above peculiarities of the Lundell generator, we can make a few remarks: 


* An analytical constant parameter treatment, with only the fundamental phase voltage and current 
considered, should be used only with extreme care, as it is prone to large errors due to magnetic 
saturation at low speeds and due to armature-reaction flux density caused distortion at high speeds. 


12V -40V 


(a) (b) 


FIGURE 6.5 Phase voltage and current with diode rectifier and resistive load and same field current: (a) 1500 rpm 
and (b) 6000 rpm. 
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FIGURE 6.6 The rotor claw with chamfer. 


+ Including magnetic saturation only by equivalent saturation factors pertaining to fundamental 
flux distribution may not produce practical enough third harmonic values at high speeds (in 
Figure 6.5b: V; = 9.71 V and V, = 7.21 V at 6000 rpm). 

* For the eight-diode rectifier, the phase voltage third harmonic in the phase current occurs. The 
null current is three times the third-phase harmonic current. 

* In this case, applying the fundamental circuit model brings a bit more realistic results, but still, 
the third harmonic current has to be calculated separately, and its losses are included when 
efficiency is determined. 


Consequently, a nonlinear, iterative circuit model is required to properly describe Lundell generator 
performance over a wide range of speeds and loads. 

Conversely, a nonlinear field model could be used. 

Three-dimensional finite element method (FEM) or magnetic equivalent circuit (MEC) modeling was 
applied to portray Lundell generator performance — steady state and transients — with remarkable 
success. The MEC approach, however, requires at least two orders of magnitudes (100 times) less com- 
puter time. Both these field methods will be presented in some detail, as applied to the Lundell generator, 
in what follows. 

For voltage control design, however, an equivalent circuit model is required. Even the fundamental 
electric circuit with magnetic saturation coefficients along the two orthogonal axes should do (after 
linearization) for such purposes. 

Composite FEM circuit models are also a way out of difficulties with Lundell generator steady-state 
performance computation. 


6.3 Magnetic Equivalent Circuit (MEC) Modeling 


The construction of the MEC should start with observation of a typical main magnetic flux path. Such 
a three-dimensional path is shown in Figure 6.7a and Figure 6.7b. It corresponds to no-load conditions 
(zero stator current). Each flux path section is characterized by a magnetic reluctance: 


» Airgap: R, 
+ Stator tooth: R,, 
* Stator yoke: R,, 
* Claw, axial: R,, 

* Claw, radial: R,, 
* Rotor yoke: 2R 


cy 
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FIGURE 6.7 (a) Typical field (magnetomotive force [mmf]) flux line and (b) simplified magnetic equivalent 
circuit (MEC). 


Besides, there are at least two essential leakage paths for this main flux line: one tangential and the 
other axial between claws: R,, and R,,;. In addition, there is the “slot” leakage magnetic reluctance of the 
ring-shape DC excitation coil: R,,. 

A simplified MEC for no load is shown in Figure 6.7b, where the axial interclaw leakage flux R.,; was 
neglected, for reluctance simplicity. 

Analytical expressions for all these magnetic reluctances have to be adopted. While for the stator sections 
(R,,, R,,) and the airgap (R,) the formulae are rather straightforward (with zero slot openings), for the rotor 
sections (Ry Ray Ry, Ra), the magnetic reluctance expressions, including magnetic saturation effects, are 
cumbersome, if good precision is expected, because the claw pole cross-section varies axially and so does 
the magnetic permeability in them. See for details Reference [2], pp. 125-127. 

Acceptable no-load magnetization curves may be obtained this way: 


E(1,)=nV2-n- p,-W,-®,(I,); ©, =B,-—-t-l 


pl gl 1 stack (6.3) 
where 
@®,, is the fundamental of stator polar flux (q = 1) 
E, is the root mean squared (RMS) value of the electromagnetic force (emf) fundamental 
T is the pole pitch 
lack 18 the stator stack length 


n is the speed in revolution per sec (r/sec) 


The relationship between the polar flux ®,, and the field current has to account for the approximated 
airgap flux density distribution at no load (Figure 6.8). 

The rectangular distribution, calculated with the average rotor claw span a, = 0.45 to 0.6 (Figure 6.8) 
leads to an ideal flux density fundamental in the airgap B,, of the following: 


Deo oP aw ae (6.4) 
nm & P2 


gl a, 8 


® =K -® (6.5) 
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FIGURE 6.8 Ideal no-load airgap flux density. 


Reducing the field current I; to the stator I f is also required for the machine fundamental equation: 


3-W, +I, 2 
1p, 


es] 
| 


(6.6) 


F,, is the mmf fundamental per stator pole of a three-phase current I ; that produces the same airgap 
field as the DC field current J;: 
W.-K 
p Kyi Ky=— 
6-W,-V2 
Tp, 


I, =I (6.7) 


In general, to limit the DC excitation losses, the airgap is kept small (g = 0.35 to 0.5 mm), but, to reduce 
the machine reactances, and volume, the magnetic circuit is saturated for rated field current. Also, the solid- 
iron claw poles serve as a damper winding during transients and during commutation in the rectifier. 

However, airgap field harmonics produce additional eddy currents in the claw poles even during steady 
state. These additional losses increase with speed up to a point and pose a severe limitation on machine 
output. 

In the above approximations, the stator slot openings were neglected. To a first approximation, they may 
be considered by increasing the airgap magnetic reluctance R, per pole by the known Carter coefficient — 
K,> 1 [3]: 


Rect BAe (6.8) 
: My a, et 

The Carter coefficient produces a rough approximation that is also global in the sense that the tangential 
actual distribution, strongly disturbed by the stator slot openings, is not visible. 

For no load, however, the emf measured harmonics are smaller than 10%, even for rated field current, 
when heavy magnetic saturation occurs, which tends to “induce” a third harmonic in the emf. This 
saturation-produced third harmonic may be interpreted as if the inverse airgap function contains a second 
harmonics, besides the constant value. 

While the above MEC is suitable for no load, a more complicated one, to take care of local magnetic 
saturation, an inverse airgap function variation with rotor position and along axial direction (due to the 
tapering shape of claws) is needed. Such a comprehensive model is presented in Reference [4], where the 
on-load operation is considered directly. 
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It is a three-dimensional model in the sense that the permeance of airgap varies along axial and 
tangential directions, while the stator and rotor permeances vary along radial and tangential directions. 
Axially and in the radial plane, the areas are divided into a few sections of almost uniform (but different) 
permeability (in iron). The more elements that are considered, the better precision is obtained, but the 
computation time increases notably. The magnetic permeance approximations are, in general, analytical 
functions of rotor position (of time). 

Each slot and tooth is modeled by one (or two) element. Axially, the machine is divided into a few 
sections. The connection of phases is arbitrary. 

With a few hundred elements, a comprehensive MEC can be built [5], with the voltage—current 
relationship added for completeness. 

Remarkably good agreement between calculated and measured phase and neutral (for eight-diode 
rectifier) current is obtained with a few minutes of time on a laptop computer [4]. 

In the same time, the distribution of airgap flux density along circumferential directions is properly, 
though approximately, simulated. 


6.4 Three-Dimensional Finite Element Method 
(3D FEM) Modeling 


Though requiring much more computer time — intensive, three-dimensional — the FEM can capture the 
shear complexity of the flux lines in a Lundell generator at load, including magnetic saturation, claw-pole 
tapping, claw chamfering, and slot openings [6]. 

The periodicity conditions allow us to simulate only one pole (Figure 6.9). This way, the computation 
time for the 3D FEM becomes reasonable, though still high (hours for complete steady-state character- 
istics at a given speed). 

Typical radial airgap and flux density distributions obtained through 3D FEM are shown in Figure 6.10a 
and Figure 6.10b [6]. 

The influence of slot openings is evident. The strong departure of the airgap flux density from a 
sinusoid is due to the low number of slots (three) per pole and to magnetic saturation (over the whole 
pole at no load and over half of it on load). 

On load, the stator mmf at 6000 rpm is only slightly dephased with respect to the rotor longitudinal 
(pole) axis, as indicated by the severe demagnetization in axis d (at 180° in Figure 6.10b). Still, there is 
a rather high peak of airgap flux density at about 140° electrical, as expected. 

The distortion in the total (resultant) emf is due to this mix of causes: three slots per pole and local 
magnetic saturation, dependent on load current and speed. The influence of speed comes into play 
through the stator mmf wave angle with the rotor poles, which tends to decrease to low values at high 
speed when the diode rectifier battery imposes active-power-only transfer from generator at all speeds. 
The small power factor angle increasing with speed, from 0° to 9° to 10°, is due to the reactive power 
“consumption” of machine inductances during diode commutation. 


B, (a) = —B,(a') 
B,(b) = —B, (b') 
B,(c)=—B,(c') 


FIGURE 6.9 Symmetry conditions. 
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FIGURE 6.10 Radial airgap flux density distribution (Z is the axial variable): (a) on no load and (b) at 6000 on load. 


FEM application needs the values of the phase currents for a given rotor position. However, to calculate 
these values, a circuit model of the machine, including the diode rectifier and the battery, is necessary. 
An iterative circuit model adopted through results from FEM is the obvious choice for the scope. 

Calculating the operation point — for given speed, DC load (resistance), and field current — may be 


done by first approximating the relationship between the fundamental phase current and voltage V,, I, and 
their DC battery correspondents V,,, I;,. 


With zero losses in the diode rectifier, 


L,=K,-I; K,=——~135 


(6.9) 


3V_ «I 
V5 ee yi Ma Nye 
Ty, V2 
These approximations hold for the six-diode rectifier and star phase connection. 


For AC loads, the situation is simpler, as the load resistance and reactance are given, and we need to 
calculate the output voltage and current fundamentals. 


The phase current is considered essentially sinusoidal (star connection) for simplicity, though, at low 
speeds, it tends to be rectangular — discontinuous. 
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FIGURE 6.11 The phasor diagram. 


The phasor diagram may be used in the iterative procedure. The d—q model equations — valid for 
fundamental quantities only — of the Lundell (synchronous) machine are as follows: 
LR, + V, =£, -jX 14 ~ IX 13 T=I,+ Lz (6.10) 


1 


E,=—jX,,1;3 X,=X,,+X,3 X,=X,,,+X (6.11) 


w 
Xan Xqnw Xi ate , respectively, magnetization synchronous and leakage stator reactances in the d—q model. 
(See Chapter 4 in Synchronous Generators on synchronous generators, steady state.) 

For a small power factor angle, the phasor diagram corresponding to Equation 6.10 and Equation 6.11 
is illustrated in Figure 6.11. The small (@, < 0) power factor angle takes into account the effect of diode 
commutation on reactive power absorption from the generator. 

The iterative computation process starts with given phase current J, and current power angle 6,. (6; increases 
with speed, in general, for constant DC output voltage.) 

Making use of FEM, the airgap flux distribution with its fundamental and space harmonics is deter- 
mined. Then, the fundamental flux per pole ®,, in the airgap is obtained. Also, its position angle 6, with 
respect to q rotor axis is found. This is, in fact, the standard power (voltage) angle. The airgap fluxes in 
axes d and gq are thus, 


WY ,=® ,, W,-cosd, (6.12) 


dm 
Sete =@ ,-W,-sind, (6.13) 


q 


But, the d—q components of current I, are known, as I,, 6; are known: 


I, =1,-sind, (6.14) 


Le =I, -cosd, (6.15) 
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Consequently, the magnetization reactances as affected by magnetic saturation are calculated: 


dm 
= (6.16) 
dm , 
1, +I, 
Ean 
ee (6.17) 


The field current, reduced to the stator, I’, was defined earlier in this chapter as a function of actual field 
current, with its value also given. The stator leakage reactance X, is considered to be known. 

The given phase current I, is based on the existence of a DC current I,. (Equation 6.8): I,,= K;- I, = 1.35 I. 
For given power and neglected diode rectifier losses, given load means given voltage (or load resistance) and 
current: V,. and I,.. This way, from Equation 6.8, the phase voltage fundamental (RMS) value V,, is, in fact, 
computed. The speed n is known, and thus, @, = 27p,n is given. 

With the values of ‘Y,,, and ‘Y,,, from FEM, the phasor diagram “produces” the new phase voltage VW: 


r_ 2 2 
Via fH 4,0, + XT, + RL) +(¥,,,0, +X, 1, - RI) (6.18) 


After the first computation cycle V;’# V,o, the computation cycle should restart, with a new value of 
the current power angle 6,, but with the same I: 


V,(K)-V,(K 1) 
V 


10 


six r= 8 Ce (6.19) 


The coefficient C, is chosen by trial and error to provide fast convergence, while V,(K), V,;(K — 1) are the 
calculated phase voltage fundamentals in the K and K— 1 computation cycles, respectively. If, after a certain 
number of iterations, convergence is not met, it means that the value of I, has to be reduced. 

This way, families of saturation curves Y,,, (i atl f : iy ), bes (i, + i, yl a) may be obtained to be used later 
for curve fitting by analytical approximations, for a complete modeling of the machine (as in Chapter 4, 
Synchronous Generators). 

Typical I,. vs. speed curves for given battery voltage V,., obtained through procedures as above, are 
shown in Figure 6.12 for three different Lundell automotive generators of increasing power. 


At the idle engine speed, the current that may be injected in the load, with battery backup, is limited 
and may constitute a design value in per unit (P.U). Above 3000 rpm, almost full current is produced. 
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FIGURE 6.12 Typical direct current (DC) output vs. speed for constant battery voltage. 
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The close to unity power factor in the generator with diode rectifier limits the maximum power (current) 
that the machine is capable of, for given DC voltage and speed, but the diode rectifier is safe and inexpensive. 
To capture the third harmonic in the phase voltages V,,, airgap flux density distribution for final current 
angle 6; (and I,) is decomposed in harmonics, and the third harmonic is detected as amplitude and phase 
B,s5 €3, with respect to the fundamental. So, the third harmonic total emf V,, (RMS value) is as follows: 


27 
V,, = 3 eee “O,° eM ® rs) = a 3 Lg -B., (6.20) 
The phase lag between V, and V,, is again €,, approximately. 
This way, the total phase waveform is obtained as 
V (th=V, 2 cose,t+ V, V2 cos(3@,t —€,) (6.21) 


A comparison of V,(t) calculated and from tests showed an acceptable agreement [9]. 

An alternative way to evidentiate the voltage time harmonics consists of using indirectly the FEM to 
calculate the machine characteristics via an inverse P.U. airgap function g/g(B) (obtained from FEM) to 
define the phase airgap self-inductance and mutual inductance. Unfortunately, this function should 
account for saturation, which depends on speed, current J, its power angle 6;, and J; [6]: 


£}- [K, + K, (cos B- 2@,t+a,)+K, cos(4B— 4@,t + @,)|(1+ cos 6B) 
g 


4u,-W? +1 °T L 


L = 1 stack Y L _ gag 


& 2 > abg 
Tg, 3 


cy Pe ye ee 
g T 2 4 g 1 4 


2 


(6.22) 


L(t) = L, -K, +L, cos(2@,t+ 0, )+L, cos(4@,t+a,) 


L, si 1 
aig =->K, +L, cos(ant+ v0, J, costar, 
The coefficients K, (K, < 1), K,, K, account for magnetic saturation and slot opening effects. And, they 
depend heavily on speed and load conditions. 

Defining this way, phase a self-inductance L (t)=L,+L, _ (th a, b phase mutual inductance L,,(t) = 
L(t); and, in a similar way, the other nrg nce fo sinnseidal current, the steady-state (constant 
speed and load resistance) performance may be calculated without the d—q model. That is, in phase 

coordinates, 


pllAltl =| (6.23) 


|i ae Vincl= a 


Pinel, 1 (i) 
dt” abof ON) 


Typical results obtained with this method are shown in Figure 6.13 [7]. 

The highly distorted phase voltage and sinusoidal current waveforms are self-evident. 

Note that the presence of booster diodes (the fourth lag of diodes connected to the machine null point) 
was not yet considered for star connection. So, for most speeds, the phase current is quasi-sinusoidal. 
For a comprehensive study of a stator excited Lundell generator by FEM, see Reference [8]. 
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FIGURE 6.13 Phase voltage and current typical waveforms. 


6.5 Losses, Efficiency, and Power Factor 


Losses occur in the Lundell machine both in the stator and in the rotor: 


+ Stator iron losses: p,, 

+ Stator copper losses: po,, 

* Rotor copper losses: p,,, 

* Rotor claw harmonics losses: Pj, 
* Mechanical losses: Djn¢: 

* Diode rectifier losses: DP gigce 


A complete study of these loss components is presented in Reference [9] with ample experimental results 
on industrial Lundell generators. 

Noticing that, for the star connection of phases, the phase current is quasi-sinusoidal, except for speeds 
close to ICE idling speed (700 to 1100 rpm), the winding loss calculation is straightforward: 


2 
Pe =3R iE (6.24) 
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As the field current has small ripple at six times the stator frequency (speed), we may calculate the 
DC excitation (rotor copper) losses easily: 


=R (T.) 
Poor = R, (I, — (6.25) 
Mechanical losses may be approximated by analytical expressions, but measurements are mandatory for 
a good approximation of them. 
The diode rectifier losses, neglected so far, may not be left out in efficiency calculations, as for 14 V,, 
battery systems they are about as large as the stator copper losses. 


=3(AV, t Ringel (6.26) 


Pp. diode liode diode” 1 


where 
AV diode is the constant voltage drop along a diode 
Réiode 18 the equivalent diode resistance 


If the diode rectifier loss and the actual power factor cos@, (close to unity but not equal to) in the machine 
are considered, the power balance between the machine and the diode rectifier is altered to the following: 


= Vie li. + P diode , 
1 > 4 
31, cos@, V 


33 


I 
ode = 
K, . “cosP, =1.35-cos@, 


(6.27) 


For better precision, Equation 6.27 should replace Equation 6.9. In this latter case, K; varies a little 
and so does K,,, with speed (cos @,) and current. 

The power factor may be attempted based on the idea that it is related to the reactive power Q 
“absorbed” by the commutation inductances of the machine. For sinusoidal current, Q.,,,, is 


conl 


Q 


con 


=3-0,-L.-I; (6.28) 


L, is, in fact, an average of subtransient inductances of the generator at the d and q axes: 


Ly+L? 
tS A<l pl, (6.29) 


The solid-iron claw poles represent a not so strong but still important damper cage on the rotor. The 
computation of L’, Lr is complicated, and measurements are preferable if comprehensive 3D analytical 
or numerical (FEM) eddy current models are not used. The power factor is, approximately, 


2 2 
o-L.-I 
cos@, ~ , {1 Ge =,/1 = 3 (6.30) 
Oe tie | 


1 


The smaller L, is, the better. 
The power factor decreases slightly with speed (@,) for the same V, and I,, as proven by tests (see the 
literature [6, 9]). 
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The claw-pole eddy current losses p,,,,, are produced by the airgap field space harmonics, for sinusoidal 
stator currents. Claw eddy current losses occur during both no-load and on-load. With no-load, the 
stator slot openings modulate the excitation-only produced airgap field, and its pulsations are “seen” by 
the claws as flux density variations. The frequency of these eddy currents corresponds basically to the 
first slot harmonic and, for q = 1, it leads to 6@, frequency. 

For load conditions, the stator mmf produces space harmonic fields in the airgap, and the fifth and 
seventh orders are the most important (for q= 1). The slot openings appear to augment these harmonics 
and produce claw-pole eddy currents, as for the no-load situation. As resultant field on load is burdened 
with local magnetic saturation, the situation becomes further complicated. 

A practical analytical model for claw-pole eddy current losses p,,,, is still not available. Alternatively, 
when neglecting the eddy currents reaction field, the 3D FEM or MEC models could produce the flux 
density in all elements, investigated in successive time decrements. Then both the stator iron loss p;, and 
Peay May be calculated through advanced analytical formulas [10]. 

In these formulas, the loss coefficient in p,,,,, should correspond to solid iron, while for the stator core, 
it should refer to laminations. 

The rotor claw-pole losses tend to increase with speed up to a point and then level out, while the 
stator iron losses slowly decrease with speed after a peak. The stator current has an increasing demag- 
netization effect as speed increases because of the need for unity power factor demanded by the diode 
rectifier. 

A qualitative view of machine losses variation with speed for a given DC voltage battery is shown in 
Figure 6.14. For a detailed study on losses, see Reference [9]. 

Mechanical, diode, winding, and claw-pole losses are of the same order magnitudes, above 2000 rpm. 

Reducing the claw-pole eddy currents by, eventually, using soft magnetic powder material for the claws 
would notably improve the high-speed performance and power capability of the Lundell generator, 
provided the mechanical ruggedness is somehow preserved. 

Increasing the DC bus (battery) voltage from 14 V to 42 V is another step forward, in the sense that the 
diode rectifier loss in the P.U. is decreased notably, because the voltage drop on the diode will count less. 

Using thinner laminations would notably decrease the stator iron losses, and smoothing the rotor and 
stator surfaces would reduce the mechanical losses. 

Currently, Lundell generators are designed for low volume and costs at the penalty of down to 50% 
efficiency at high speed and full power. Bold steps in design are required to keep the existing power/volume 
while increasing the efficiency at moderate cost increases. Such recent attempts are dealt with in what follows. 
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FIGURE 6.14 Loss components vs. speed for a Lundell generator. 
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6.6 Design Improvement Steps 


The modeling tools of the previous paragraph are the foundation for design optimization. A few design 
improvement steps are discussed: 


Claw-pole geometry optimization 
Booster diodes 

Additional permanent magnets (PMs) 
Increase of the number of poles 
Winding tapping 

Claw-pole damper 

Controlled rectifier 

Winding-type effect on noise level 


6.6.1 Claw-Pole Geometry 


As shown in Figure 6.6, the claw-pole geometry may be defined by a few parameters, such as claw-pole 
span a, (nondimensional), claw-pole angle @,, pole pitch T, claw-pole depth d., and the chamfer width W.. 

W,/t, W,/t — the maximum and minimum claw-pole widths ratios — may be calculated, with a, T, 
and claw-pole angle @, given, as dummy variables. 

This small number of independent variables, with all other machine parameters kept constant, makes 
a direct FEM local optimization feasible through a few tens of runs in practical intervals. Typical results 
are shown in Figure 6.15 [7]. 

The penalty function is the DC current, and it is seen that for a, = 0.45 and @, = 12.5°, it is maximum. 


6.6.2 Booster Diode Effects 


A four-legged diode rectifier (Figure 6.16) is sometimes used to tap the third voltage harmonic power. 
To deliver power through the third harmonic, the latter has to exist both in phase voltage and in current. 
The connection of the machine null point to diode booster point o leads to nonzero third harmonic 
phase currents. However, the null current is discontinuous when the third harmonic voltage does not 
surpass the DC battery voltage, that is, at low speeds. 

The presence of the third harmonics power above a certain speed boosts the DC current delivered by 
the generator for constant battery voltage (Figure 6.17). The effect is notable only at high speeds, where, 
in general, it is not so much needed. The additional third harmonic current produces stator copper and 
stator core and claw-pole losses. 
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FIGURE 6.15 Generator direct current (DC) vs. pole pitch a, coefficient and @.. 
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° 
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FIGURE 6.16 Diode rectifier with power booster diodes. 


At least for constant speed synchronous generators with discontinuous current, at 50 (60) Hz, it was 
proven that the extra power with booster diodes offsets the increase in losses, and an increase in efficiency 
of about 1% is obtained [11], together with 10 to 15% more power. 

For automotive applications, the advantages of booster diodes are considered to be less practical, as 
they do not come at low speeds when more power is badly needed. 


6.6.3 Assisting Permanent Magnets 


Axially magnetized permanent magnets may be added beside the coil (Figure 6.18a), on the surface of 
the claws (Figure 6.18b), and between the claws (Figure 6.18c). In the third case, the permanent magnets 
act to destroy the interclaw leakage flux of excitation coil. The first two solutions are meant to produce 
more excitation flux for lower excitation losses. Unfortunately, at low speeds, the influence on the DC 
output current is small due to magnetic saturation (Figure 6.19). 

Due to high leakage flux, the PMs on the shaft produce little effect at all speeds. The surface PMs 
produce notably larger DC output current but, unfortunately, only at higher speeds. 

The PMs placed between the claws destroy the excitation leakage flux in the rotor and, thus, enhance 
the main flux for all speeds. The improvement occurs at all speeds (Figure 6.19) [7]. 

Though the interclaw PMs, eventually made of ferrites, seem to be an attractive solution, their mechan- 
ical placement and integrity are not easy to secure. 
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FIGURE 6.17 Booster diode effect on direct current (DC) vs. speed. 
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(a) (b) 


(©) 


FIGURE 6.18 Placing additional permanent magnets (PMs) for given stator stack: (a) PMs on the shaft, (b) PMs 
on the claw surface, and (c) PMs between claws. 
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FIGURE 6.19 Influence of additional permanent magnets (PMs) on direct current (DC) output for the same stator. 
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6.6.4 Increasing the Number of Poles 


Increasing the pole number, for given stator and rotor diameters and lengths, and at the same total stator 
slot area, seems to be another way to notably increase the output. The reason is the torque multiplication 
effect of increasing the “speed” of flux variation. 

When the number of poles goes up from 2p = 12 (the standard) to 14 and 16, the DC output current 
steadily increases, especially above 2000 rpm [7]. 

Unfortunately, the frequency f, = p,- n also increases with pole number. Consequently, the iron losses 
tend to increase, especially in the stator teeth. Additionally, the claw eddy current losses tend to increase. 

For larger power Lundell generators — used for trucks or buses — such a solution may prove to be 
better. Still, the effect at low speed is not so important. 


6.6.5 Winding Tapping (Reconfiguration) 


It is a known fact that at low speeds the Lundell generator is not capable of producing enough DC due 
to insufficient emf, as the number of turns is kept low to secure a good cross-section of copper in the 
coils and so as to handle large currents at high speeds. Increasing the number of turns per phase (or per 
current path) at low speeds while reducing it at high speeds is the way out of this difficulty. 

Switching the machine connection from star to delta or tapping the stator winding are two alternatives 
to produce increased output. By halving the winding tapping reduces twice the stator resistance twice 
(Figure 6.20). 

To produce large output at low (idle engine) speed, the number of turns per phase has to be 
increased: W’> W. If the total area of slots remains constant, the W, - I, should be the same for a given 
current density. However, an increase in W, (to W,’) should be accompanied by a reduction of copper wire 
cross-section; thus, higher current density at higher (or same) current is required: 


W, : Ac, ~ Ne AG, (6.31) 


with W,, W/, Ac,, and A’, equal to the initial and modified total number of turns and copper wire cross- 
section, for the tapped winding design. Increasing W, and W,’ when the winding tapping is applied leads 
to higher maximum emf at idle engine speed. This is essential progress. 

Neglecting the machine saliency (X; = X, = X,), the phasor diagram in Figure 6.11, at unity power 
factor, takes shape in Figure 6.21. 
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FIGURE 6.20 Winding tapping (halving). 
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FIGURE 6.21 Simplified phasor diagram (X, = X,) with diode rectifier (cos@, = 1). 


Only the fundamental components of generator phase voltage and current are considered for simplicity. 
The stator resistance R, and R’ (initial and new) are as follows: 


R l a R l Mi (6.32) 
= Poo te’ > = Poo te’ , . 
: Ac, ' Ac, 


with J, as coil length. 
The reactance X, is 


, 7 (6.33) 
X/=0,:K,-W, 
The emfs are 
E,=K,0,-W, 
(6.34) 
se LL 
From the phasor diagram, the following voltage relationship is obtained: 
E,=J(@,-L,-1,P +(V,+R,-1,? (6.35) 
2 2 
B= lo, LL) +(V,+R-1) (6.36) 


The problem is to yield a higher current I, at idle engine speed (,,,,,,) for the same battery voltage with 
a larger number of turns, that is, larger L, and R: L’>L, and R’>R. 
For simplicity, let us neglect the R,I, terms to obtain the following: 


(6.37) 


#2 *2 2 2 72 2 
Pan mA WK ‘@-W, —V, 
' @,-L, o,-K,-W/? 
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It is evident from Equation 6.35 that there is an optimum number of turns that produce the maximum 
current: 


Vive 


lopt K, QO, 


(6.38) 


Expression 6.38 spells out the fact that for maximum current output at given speed, the number of turns 
should vary inversely proportional to speed so that the emf is V2 times the phase voltage 
(Es oor SK 200 Wa =V, ale ). If the initial design is fixed at W,,,,, it should remain so, and nothing is 
gained at low speeds. At high speeds, the halving of the winding will produce more DC output current 
for slightly more losses. However, if for the existing design W, < W,,,,, then it should be brought to W 
while reducing, accordingly, the cross-section of copper wire. 


The DC output current at idle engine speed will increase to its maximum value: 


opt? lopt 


I = (6.39) 


At high speeds, with winding halving, more current will be obtained but, again, with slightly more 
copper losses. 


6.6.6 Claw-Pole Damper 


Still another way to increase the DC output current at all speeds consists of decreasing the commutation 
inductance L. of the machine and, thus, reducing the diode commutation process reactive power. 

But, the commutation inductance L, =(L/’+ Ly)! 2 relies on the damper effect of the rotor solid claw 
poles. An additional damper placed between the claws in the form of solid aluminum plates should do 
(Figure 6.22). If the electrical contact between the aluminum dampers and the solid iron of claws is good, 
their combination will act more like a one-piece conductor for the space harmonics field of the stator. 
A stronger damper winding is obtained. 

A practical technology for tightly sticking the aluminum dampers between the claw poles is still to be 
developed, but decreasing the commutation (subtransient) inductance of the machine seems to be a 
practical way to increase output. 

Increasing the airgap would also help in terms of obtaining more output from the same volume but 
for higher losses in the excitation winding. Also, if the airgap is increased too much, the interclaw 
excitation leakage field tends to increase. Preliminary test results presented in Reference [12] seem to 
substantiate the aluminum damper’s advantages. 


6.6.7. The Controlled Rectifier 


Yet another way to increase the output at low speeds is to use a controlled thyristor rectifier instead of 
the diode rectifier. This way, the unity power factor condition is eliminated, and reactive power exchange 
capability with the battery is established. The delivered power is approximately 


(6.40) 


FIGURE 6.22 Aluminum damper pieces. 
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\ Vi Ri, 


(a) (b) 


FIGURE 6.23 Simplified phasor diagrams (X,= X, = X,): (a) with diode rectifier 6) < 90° and (b) with controlled 
rectifier (6, = 90°). 


The voltage power angle 6,, of the machine could be raised close to 90° to produce more output [13] 
(Figure 6.23a and Figure 6.23b). 

For the same emf E, in Figure 6.23a and Figure 6.23b, more current is feasible at given voltage V, and 
speed (X,), as the X,- I, vector changes the location in the rectangular triangle. 

An increase in DC output current of almost 50% is reported in Reference [13]. 

Furthermore, the introduction of the controlled rectifier may be accompanied by winding reconfigu- 
ration (Figure 6.24), when the controlled rectifier works on the full winding at low speed, while a 
(additional) diode rectifier works at high speed, on half the winding, to combine the advantages of both 
methods [13]. 

The switches A and B are closed only for low speed. The speed for opening switch A is a matter of 
compromise and depends on the winding tap point, which, in general, may be placed at 1/2 or 1/3 P.U. 
distance from the null point. The tap point should be easily accessible. Reference [13] reports not only 
improved DC output current at low and especially at high speeds, but also an increase in efficiency. 

The added complexity and costs of equipments are the prices to pay for a 5 to 10% increase in 
generator—rectifier system efficiency (from 47 to 57%). 
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FIGURE 6.24 Winding reconfiguration with controlled rectifier. 
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A switched diode rectifier may also be used to boost the generator voltage at low speeds and buck it 
at high speeds, in order to increase the output of an existing claw-pole-rotor alternator. 

Note that the design problems of the Lundell alternator do not end here. Designers should continue 
with noise and vibration and thermal and mechanical redesigns [14]. 


6.7. The Lundell Starter/Generator for Hybrid Vehicles 


Recently, the Lundell machine was used on the first commercial mild hybrid electrical vehicle. Its use as 
a starter presupposes inverter (frequency) control and, thus, implicitly controlled rectification capability 
during generating mode. The design accent will be placed on motoring mode with verifications for the 
generating mode. 

The efficiency problem becomes very important, besides size, both during starting assistance of the ICE, 
and during driving the air-conditioning system when the ICE is shut down in traffic jams. The energy 
extracted from the battery is decreased, and thus, increases in gas mileage and battery life are obtained 
(Figure 6.25) [15]. 

The power requirements of air conditioners increases to a peak 2.5 kW (for a luxury car) at 15,000 rpm, 
and the peak torque is about constant, up to maximum speed. Through an electric clutch, placed on the 
ICE shaft, the single, ribbed, belt transmission allows for the starter/generator to engage the ICE when the 
latter is on and, respectively, the air conditioner, power steering, and water pumps (auxiliaries) otherwise. 
The conventional starter is still there for first (morning) start. 

Mild hybrid vehicles rely on the contribution of the starter/generator supplied from the 42 V,,, battery. 
Three 14 V,, batteries in series, with a typical 100 A maximum current absorption (for a number of 
cycles corresponding to 5 yr of regular driving), provide for a moderate cost battery. The battery also 
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FIGURE 6.25 Mild hybrid vehicle system configuration. (Adapted from T. Teratani, K. Kurarnoki, H. Nakao, T. 
Tachibana, K. Yagi, and S. Abae, Development of Toyota mild hybrid systems (THS-M) with 42 V power net, Records 
of IEEE-IEMDC-2003, Madison, WI, 2003.) 
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serves all the auxiliary equipment on board a medium to large car. A 14 V,. bus is built through a special 
DC-DC converter to serve the low voltage loads. 
The starter—alternator design should be worked on with the following objectives in mind: 


+ Maximum motoring torque for starting and assisting the ICE at low speed, and for driving the 
ICE air conditioner compressor load when the ICE is off 

+ Maximum generating power vs. speed 

* Observation of the battery state and reduction of the losses in the system to obtain a reasonable 
battery life 

+ Minimum possible machine volume and pulse-width modulator (PWM) converter costs 


As a result, the main specifications for the Lundell starter-generator in Reference [15] are as follows: 


+ Rated voltage: 36 V (42 V,, bus) 

+ Rated output: motoring, 3 kW; generating, 3.5 kW 
* Maximum torque: 56 Nm at 300 rpm 

* Permissible maximum speed: 15,000 rpm 

+ Air cooling 


Typical battery specifications are as follows: 


* Capacity: 20 Ah valve-regulated lead acid battery 
+ Weight: 27 kg 

+ Volume: 9.21 1 

+ Starting performance: 6.1 kW for 1 sec 

* Auxiliary drive: 2.1 kW 

+ Regenerative performance: 3.5 kW for 5 sec 


There are three ways to save fuel with the starter-generator system: 


+ Starting assistance of ICE 
* Energy saving during “idle stop,’ when the ICE is shut down at traffic lights or in traffic jams 
+ Regenerative electric braking of the vehicle as much as the battery recharging permits 


A sophisticated control system is needed to perform these actions, and a 40% fuel savings in town 
driving and 15% for overall driving was reported with such a system that now costs probably about 
$1500 and fills within the volumes of an existing car. 

Here we will pay attention to Lundell starter-generator control through the PWM inverter, as coordinated 
excitation and armature control are required for optimum performance in the four main operation modes: 


+ Vehicle stopping (idle stop): the Lundell machine drives the air conditioner, power steering, and 
other auxiliaries 

+ Starting: after initial starting by the starter, the Lundell machine restarts the ICE 

* Normal driving: generating as needed by the battery monitored state 

* Deceleration: regenerative braking to recharge the battery 


An intelligent power metal-oxide semiconductor field-effect transistor (MOSFET) module PWM inverter 
is used. 

The Lundell machine may be either vector or direct torque and flux controlled (DTFC) [16, 17]. In 
what follows, we will dwell on DTEC, as it leads to an inherently more robust control. The rotor position 
is required for speed calculation and in the flux observers but not for coordinate transformation in the 
control. Also, DIFC may be adapted easily for the generating operation mode. 

Essentially, for motoring, the Lundell machine should be controlled at unity power factor to minimize 
the machine losses and inverter kilovoltamperes. The generator excitation-only control may be used with 
the MOSFETs inhibited in the converter, where only the diodes are working. 
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The torque remains the main controlled variable during motoring — for starting the ICE operation 
mode. For auxiliary motoring (idle stop operation mode), speed control may be used by adding an 
external speed control loop. 

As at low speed, calculations of the power factor are not very robust, a feed-forward field current calculator 
is added. The stator flux reference level is adapted to speed for generating and motoring (during idle stop). 

The d—q model of the Lundell machine is imperative in conceiving the DTFC system for the former. 
The d—q model of the SM is as follows [16]: 


rs = oYv,~ = 
izR -V,=- +jo YF; 
s ot J r 


issitjis Ve=V,tjVs Wea¥,+7¥, 


= i . = jo 3 4 =1 i i? 
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iz, and i,, are the rotor damper (claw) currents reduced to the stator. 
For steady state, in rotor coordinates, Sno and, for unity power factor, the space-lag angle between the 
stator voltage and current vectors (V,, J,) is zero, and thus, the stator flux vector is ‘’; and is located at 90° 
(electrical) with respect to V;: 


ieR, = Vo = —jo, Wo (6.42) 
For cos@, = 1, 


iR-V. =-o WV; 
sO s SO r sO 


_— i . ” és . 
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vy 
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f 
The vector diagram of the Lundell machine for cos@, = 1 (and steady state) is shown in Figure 6.26. 
It resembles the phasor diagrams dealt with earlier in this chapter, but in the time delay angle, there are 
now space angles of the same value, and one vector represents the whole machine and not only a phase. 
The vector diagram allows for computation of field current is, for given stator flux ‘¥", and torque T,. 
From the torque expression (Equation 6.43), the stator current i, is as follows: 


2 
—— (6.44) 
3 
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FIGURE 6.26 Vector diagram for cos@, = 1 and motoring. 


From Figure 6.26, 


i 
cosé* = 
Yo4 
ne (6.45) 
i 
sind =” 
7 ; 
Consequently, 
ae L : i, 
tand” =—— (6.46) 
ie 
with dy, known, the required field current in is obtained: 
ig =((¥; cos6y, +1,i, sind,))/L,, (6.47) 


Also, with 6, known, the stator flux desired position with respect to phase a in the stator 64, is as follows: 
0 =6 +0 (6.48) 
Vo Wer 


The rotor position is measured through a rugged (magnetic) encoder or it is estimated. 

For firm driving around zero speed, an encoder is recommended, though robust flux estimators at 
zero speed for torque control are now available. 

The PWM inverter (Figure 6.27a) produces six nonzero and two zero voltage vectors: V,, ...,V¢. Vos 
V, (Figure 6.27b). 

The voltage vector V; “acts” along phase a because phase a is connected in series with phases b and c 
in parallel. 
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FIGURE 6.27 (a) Typical voltage-source pulse-width modulator (PWM) inverter and (b) its voltage vectors. 


The vector definition, in stator coordinates, is 


20 20 


2 pa = 
V.=5 vitvertye 3 (6.49) 


Ss 


= 2 1 
For Vi: v. -—v,=V,,v,=v,andv +v,+v_=0,and thus, v =—V,,v,=v = V,. For the other volt- 
a b . dc b ¢ a b . e a 3 de? ~b c 3 dc 
age vectors, similar expressions are obtained. 
In DTFC, the stator flux ¥;(¥,,6, ) and the torque T, are estimated and compared to their desired 
values Y~ and T.’ to find the errors &y and €;: 


Ey at gs =. x 
(6.50) 
Ep = i =f, 


Together with the stator flux, Oy Ey and E, (values and sign) form the variables by which a single 
voltage vector (or a given sequence of them) is triggered in the converter. No coordinate transformation 
is needed for control. 

Though the stator flux vector position angle 6, may be precisely found, only its location in one of 
the six (60° wide) sectors in Figure 6.27b is needed. 

The method for choosing the adequate voltage vector for given stator flux vector @(i) and torque and 


flux errors comes from the stator equation in stator coordinates: 


ey ae (6.51) 
$ SS dt 
where, if R, ~ 0, 
0 T 
Wo — Pos = J Vsdt =V(i)-T (6.52) 
(0) 


The flux vector variation falls along the applied voltage vector direction. 
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TABLE 6.1 Direct Torque and Flux Control (DTFC) 


Switching Table 
A(i) 

Ey, Ey (1) (2) (3) (4) (5) (6) 
l1o4lyV\¥, Vy YY % % Y, 
1-7 YY, Vv, V; V, V; 
oO 1 WY YY YW WV Vy V; 
0 - Vv Vv Yy Vv Vv WV 

-l1 1 V3 Vy Vs Vg V, V, 

-1 -l \ YY Y, V; V; V, 


Also, for increasing motoring torque, the flux vector has to be accelerated in the direction of motion. 
It should be decelerated for motoring torque reduction. _ 

For the flux vector in Section 1 (6(1)), to increase the flux amplitude and increase the torque, V2 should 
be turned on; to increase the torque, but decrease the flux, V3 is chosen; to decrease the torque and increase 
flux, V« is needed; while to decrease torque and decrease flux, V5 is applied. A unique table of commuta- 
tions is thus feasible (Table 6.1) (Reference [16], p. 232). 

The flux and torque error value of 1 means positive value, while —1 means negative value. To improve 
the stator current waveform and reduce torque pulsations, instead of each voltage vector in Table 6.1, a 
combination of the two neighboring vectors and a zero vector, or a more sophisticated regular combi- 
nation, may be implemented. This is space-vector modulation (SVM) in a kind of random “expression.” 

Though the 1, —1, 0 outputs of flux and torque errors suggest hysteresis torque and flux regulators, 
more advanced (proportion integral [PI], sliding mode) regulators were recently used with remarkable 
success [18]. 

The general control scheme for motoring is as in Figure 6.28. In general, full flux is needed for full 
torque at low speeds. The eventual errors in the machine parameters, as influences on i,, are corrected 
by the power factor regulator. 

A four-quadrant DC—DC converter seems best to control the field current in order to obtain very 
fast field current response. This way, overvoltages are avoided, and the torque response is faster. The 
stator flux and torque estimator configurations are a matter of choice from many possibilities [16]. 
Here, a combined voltage—current model is used, as position feedback @,, is available (Figure 6.29a and 
Figure 6.29b). 

The PI compensator drives to zero the error between the voltage and current models, providing for 
current model domination at low frequencies (speeds). In general, only the DC voltage is measured, but 
for the 42 V,,. system, care must be exercised at very low speeds to correct for the stator resistance variation 
and for MOSFET voltage drops in the inverter. The AC voltages are constructed from the knowledge of 
the active voltage in the inverter and the DC voltage, as discussed earlier in this paragraph. 

The errors in parameters for current model have an effect only at low speed, where the current model 
is dominant. The trustworthy encoder feedback should secure fast and reliable torque response of the 
system from zero speed. A robust position and speed observer from zero speed is another possibility. 
The reference torque T.’ should be determined in a torque sharing program based on speed, total driv- 
etrain torque requirements, battery stage, comfort, and so forth. A speed close loop may be added to 
provide reference torque of the air conditioner during idle stop driving. 

For the generating mode, it is possible to use full control of the converter as for motoring but with 
the reference flux tailored with speed: 


Vv 
\* = 1m (1.03-1.05)< y* (6.53) 
@ 


smax 
r 


The torque reference T” should now be negative and may be calculated based on braking paddle 
position during braking, with a limitation based on the battery energy acceptability. 
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FIGURE 6.28 Motoring direct torque and flux control (DTFC) of Lundell machine. 


© 2006 by Taylor & Francis Group, LLC 


Battery 


1,-1,0 


Switching -- 
table a2! PWM 
(Table 6.1) inverter 


4 
quadrant 
chopper 


Stator 
flux and 


torque 


estimator calculator 


0e-9 


sIoDIaUay paads afqvivA 


Automotive Claw-Pole-Rotor Generator Systems 


FIGURE 6.29 Typical (a) flux observer and (b) torque calculator. 
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During normal driving, based on battery voltage and its state of charge and load requirements, a 
certain power P” is required. A power close loop may be added to generate the negative torque reference 


after division by speed. 
These two options are depicted in Figure 6.30. 


It is also possible to totally inhibit the MOSFET in the inverter during generating modes and let the 
diodes do the rectification, with field current control only. In this latter case, the torque reference (in 


Figure 6.30) should act directly (after scaling) as excitation current reference i, (Figure 6.28). 


As out-of-town driving may be predominant, generating is required a lot, and standard generating 


control (by field current) might be the way to obtain greater reliability of the control system. 
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FIGURE 6.30 Generator control settings. 
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Note that the rather low efficiency in existing Lundell standard generator designs has to be improved 
notably for the starter—generator in mild hybrid cars. Allowing for more volume and using more copper 
in the windings, which then have to be manufactured and inserted in a special manner, seems to be the 
evident way to better performance. 

The use of the Lundell machine in mild hybrid vehicles is motivated by the fact that it is a proven 
technology, and it has very good generating characteristics over a wide speed range, which are necessary 
characteristics in the application. The exclusive field current control during generating is another essential 
advantage of the claw-pole-rotor starter—alternator. 


6.8 Summary 


+ Electric power needs on board ICE vehicles (cars, trucks, buses) is on the rise. 

* The Lundell machine with single ring-shape coil multipolar rotor controlled excitation and diode 
rectifier output is the only generator technology on board road vehicles today. It is basically a 
synchronous generator. 

+ The power and volume of the Lundell machine is becoming a problem with power per unit on 
the rise. The low efficiency of the system (about 50%) is already a big issue, as it hampers the gas 
mileage. 

+ The improvement of Lundell machine performance (efficiency and power and volume) for rea- 
sonable extra costs per kilowatt of installed power is the key design issue for securing some future 
for this generator in automotive applications. 

+ The power and volume restrictions led to a high number of poles (12 in general). 

* To reduce DC excitation losses for a 12-pole excitation, the homopolar rotor configuration leads 
to a very good solution. 

+ The same large number of poles and winding manufacturing cost limitations prompted the use 
of a single-layer three-phase winding on the stator with three slots per pole (q = 1). Only in large 
power units q = 2 (six slots per pole). 

* The three slots per pole choice leads to important low-order space harmonics in the airgap 
permeance with a dominant emf third harmonic that increases with speed but only up to 10%. 

+ During on-load operation, the three slots per pole, slot openings, and claw-pole geometry concur 
to produce a much stronger third harmonic in the airgap (resultant) emf, especially at high speeds 
for star connection of phases. 

+ For star connection of phases, which is the dominant solution, the diode rectifier leads to discon- 
tinuous (trapezoidal shape) phase currents at low speed and to sinusoidal phase currents above 
1500 rpm, in general. 

* Only when a fourth leg (connected to the null point) in the diode rectifier is added, does a notable 
third harmonic reoccur in the phase currents. The third harmonic in the phase voltage is reduced, 
however. 

* In preliminary modeling, for transients, only the fundamental components of voltage and current 
may be considered. Even in this case, the equivalent magnetic saturation influence on L, and L, 
inductances should be considered. 

* Comprehensive (3D) MECs or FEMs are required for a pertinent description of steady-state 
performance of the Lundell machine with diode rectifier and battery backup DC loads. The 3D 
trajectory of the main flux path reclaims such a treatment. 

+ The power factor angle (for the fundamental components) ¥, increases from 1° at low speeds to 
up to 10° at high speeds due to diode commutation-caused reactive power “consumption” in the 
Lundell machine. 

+ The maximum DC output current increases steadily with speed for a given battery voltage. 

+ The four-legged diode rectifier leads to notable increases in the DC output current only at high 
speeds when it is not badly needed. 
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The loss components in the Lundell machine are stator copper loss, stator iron loss, diode rectifier 
loss, rotor claw-pole eddy current loss, DC excitation loss, and mechanical loss. Only stator core 
loss and excitation loss tend to decrease above a certain speed. All the other components increase 
notably with speed. 

At 14 V,, the diode rectifier losses are about as large as the stator copper losses. Increasing the 
DC bus voltage to 42 V,, is a way to notably decrease the relative importance of the rectifier loss, 
besides decreasing the wire size in the stator coils and the power equipment cable cross-section 
(and costs). 

Claw-pole geometry can be optimized for maximum DC output current, and a claw-pole span 
coefficient of around 0.45 in the axial middle of the stack was found to be best. 

Adding permanent magnets to boost performance for all speeds (DC output current) was proven 
to be effective only if the former are placed between the rotor claw to reduce the excitation flux 
leakage. 

Increasing the number of poles from 12 to 18, for the same stator and rotor overall size and stator 
slot total area, leads to a steady increase in maximum DC output current for given voltage, 
especially at high speeds. Losses and cooling aspects should be closely monitored. 

Winding reconfiguration (tapping or star to delta), with a larger number of turns in series at low 
speeds and a smaller number of turns at high speeds, causes an increase in output for all speeds. 
Again, losses and cooling aspects should be considered carefully. 

Enforcing the damper capability of the solid-iron claw poles on the rotor by placing aluminum 
plates between the claws also produces some DC output current increases for all speeds, because 
the commutation (subtransient) inductance L, of the machine is reduced. 

Combining winding tapping with controlled rectifier (for low speeds) and the diode rectifier for 
high speeds produces remarkably higher output at all speeds. At low speeds, the controlled rectifier 
allows the machine to be partly magnetized from the battery, and thus, voltage power angle 6, 
may increase up to almost 90° to extract the maximum available power from the Lundell machine. 
Adding a single IGBT DC-DC converter to the diode rectifier may produce output increases almost 
similar to those obtained with a controlled rectifier [19]. 

The Lundell machine is also suitable as a starter—-generator in mild hybrid vehicles with a 42 V,, 
power bus. 

Motoring is required for starting the vehicle and at idle stop (ICE shutdown) to drive the air 
conditioner’s compressor and other auxiliaries through a single ribbed-belt transmission. 
Generating is required during normal car driving and during vehicle braking. 

A DTEC scheme is introduced for motoring, and — after adequate new settings — for generating. 
Also, the DTFC scheme may be adapted for field-current-only control during generating, to 
increase reliability. 

Further efforts to increase the Lundell machine performance in terms of power, volume, higher speeds, 
efficiency, noise, vibration, and cooling are underway both for standard and mild hybrid vehicles. 
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7.1 EHV Configuration 


In this book, EHVs stands for electric hybrid vehicles. EHV constitutes an aggressive novel technology 
aimed at improving comfort, gas mileage, and environmental performance of road vehicles [1,2]. 
The degree of “electrification” in a vehicle may be defined by the electric fraction, %E [3]: 


Peak electric power Pay 
Peak electric power + PeakICE power P,) +P 


HE= (7.1) 


ICE) 


For a mild hybrid car with battery soft-replenishing %E is lower than 40% in town driving. It may 
reach up to 70% when the battery is replenished from the power grid daily. %E becomes 100% for fully 
electric vehicles, with fuel cells or batteries or inertial batteries (flywheels) as the energy storage system. 

The larger the electric fraction %E, the lower the internal combustion engine (ICE) rating (it is zero 
for a fully electric vehicle). 


7-1 
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FIGURE 7.1 Basic vehicle electrification configurations: (a) series hybrids, (b) and (c) parallel hybrids, and (d) electric. 
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FIGURE 7.1 (Continued). 


The electrification of vehicles is approached through a plethora of system configurations that may be 
broken down as illustrated in Figure 7.1a through Figure 7.1d. 

In series hybrids (Figure 7.1a), the full-size ICE drives an electric generator on the vehicle that then 
produces electric energy for all tasks, from the electric drives to auxiliaries and battery recharging. 

In parallel hybrids (Figure 7.1b and Figure 7.1c), the downsized ICE is started by the starter/alternator 
that then assists in propulsion at low to medium speeds and, respectively, works as a generator to feed 
the electrical loads and recharge the battery. 

In fully electric vehicles (Figure 7.1d), a large high-voltage battery, recharged from the power grid 
once every day, supplies all electric drives used for vehicle propulsion. It also contains a 42 V,, battery 
that supplies the auxiliaries. This latter battery is recharged from the main battery through a dedicated 
direct current (DC)—DC converter. 

In mixed hybrids (Figure 7.1d), two or more motor/generators are used, for example, to electrically 
drive the front and the rear wheels (Figure 7.2) [3]. 

In all hybrid (and electric) vehicles, the air-conditioning and some auxiliaries should remain on duty 
during idle stop. Idle stop is stopping the engine or electric driving during halts in traffic jams or at 
traffic stoplights (Figure 7.1b). 

Also, depending on the electric fraction %E and vehicle size (car, bus, and truck), the specifications 
vary within a large range. 


No. 1 clutch 


No. 2 clutch 
High/low-range Front motor- 
transfer generator 


FIGURE 7.2. Mixed hybrid with front and rear motor/generator. 
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The placing of the electrical machine on the ICE shaft or its coupling with an additional transmission 
(belt or gear) is essential in the design of the starter/alternator, as the peak torque will depend on this 
transmission ratio k,, 21. 

The pulse-width modulator (PWM) converter peak kilovoltampere (kVA) rating depends heavily on 
the starter/alternator design, as the peak current required for peak torque “defines” the converter costs 
for given battery voltage. 

Defining pertinent specifications and design optimization multiobjectives for the starter/alternator 
(motor/generator) system is of utmost importance. 


7.2 Essential Specifications 


Essential specifications for starter/alternators (motor/generator) on EHVs are considered here to be the 
following: 


+ Starter/alternator functions 

* ICE to starter/generator transmission ratio k,, 

* Peak torque vs. speed for motoring 

+ Peak generator power (torque) vs. speed 

* “Battery” voltage 

Battery self- or independent-replenishing method 


7.2.1 Peak Torque (Motoring) and Power (Generating) 


The peak torque for motoring is defined as the engine starting torque at 20°C and varies between 120 
to 300 Nm for cars, but it may reach 1200 Nm for buses. This peak torque level has to be sustained up 
to m,= 250 to 400 rpm for mild hybrids, and up to n,= 1000 to 1200 rpm for full hybrids. Above base 
speed n,, a constant peak power, up to maximum speed n,,,,, has to be provided: 


max? 


=T, -20-n (7.2) 


ekm ~~ ekm 

The larger the n,,,,,/M, is, the larger the contribution of propulsion and its impact on fuel consumption 
reduction in city driving. This ratio n,,,,/m, in motoring may range from 3:1 to 6:1. The larger the better 
for HEV performance, but this comes at the price of stator/alternator or PWM converter oversizing. 

A large constant peak power range imposes a few design solutions for which the whole system — 
starter/alternator, battery, and power converter — costs, size, and losses all have to be simultaneously 
considered. 

A multiratio mechanical transmission reduces the constant power speed range of the starter/alternator 
and allows for a smaller size (volume) electrical machine at the price of the additional costs for a more 
complex transmission. 

Typical motoring torque/speed and generating peak power/speed requirements for a mild hybrid 
(42 Vie Ioear< 170 A) small car are shown in Figure 7.3 [4-9]. 

The limit of 170 A on the battery is based on the acceptable voltage drop (losses) in the 42 V,, battery 
pack made of three standard lead acid car batteries in series. 

The generating power limit is based on the battery receptivity and PWM-converter-controlled starter/ 
generator limits to safely deliver power at high speed at limited battery overvoltage. 

Without winding changeover (reconfiguration), a 3/1 constant power speed range is possible without 
machine or converter oversizing. A 5/1 constant power speed range (n,,,,/M, = 5/1) is visible in Figure 7.4 
and, thus, oversizing and winding changeover are required. Above 2500 rpm, in Figure 7.4, the driving 
power decreases due to “lack” of voltage in the battery to sustain it. 

The specific propulsion requirements in a fully electric car with standard multispeed transmission are 
shown in Figure 7.4. 
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FIGURE 7.3 Potential mild hybrid car peak torque and speed motoring and power and speed generating envelopes. 


For an electric city bus, 75 kW of electric propulsion is considered in Figure 7.5. A single-stage 6.22 
gear reduction ratio is mentioned in the literature [10]. 


7.2.2 Battery Parameters and Characteristics 
The main battery parameters are as follows: 


+ The battery capacity: Q 

* The discharge rate: Q/h 

* The state of charge: SOC 

* The state of discharge: SOD 

+ The depth of discharge: DOD 


The amount of free electrical charge generated to the active battery material at the negative electrode 
ready to be consumed by the positive electrode is called the battery capacity Q. 
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FIGURE 7.4 Typical motoring torque and speed envelopes for a fully electric car. 
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FIGURE 7.5 Typical rated torque and speed envelopes for a fully electric city bus. 


Q is measured in amperehours (Ah); 1 Ah = 3600 C; 1 C is the charge transferred by 1 A in 1 sec. 
The theoretical capacity Q., is as follows: 


Q.=x-n-F; F=L-e, (7.3) 
where 

x is the number of moles of reactant for complete discharge 

n is the number of electrons released by the negative electrode during discharge 


L=6.022 x10” is the number of atoms per mole (Avogadro’s constant) 
e, =1.601 10°C is the electron charge (F is the Faraday constant) 


Q,. = 27.8-x-n[ Ah] (7.4) 


With a number of cells in series, the capacity of a cell equals the capacity of the battery. 

The discharge current is called the discharge rate Q[Ah]/h, where h is the discharge rate in hours. If 
a 200 Ah battery discharges in half an hour, the discharge rate is 400 A. 

The state of charge (SOC) represents the battery capacity at the present time: 


soc()=0,- | iter (7.5) 
0 
The state of discharge SOD(t) represents the charge already drawn from a fully charged battery: 
sOD(t)= J i(t)dt =Q,. - SOC(t) (7.6) 
0 


The depth of discharge (DOD) is the per unit (P.U.) battery discharge: 


_ SOD(t) ip i(t)dt 


DOD(t) 
Q, Q, 


(7.7) 


A deep discharge takes place when DOD > 0.8 (80%). 
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FIGURE 7.6 Simplified battery model. 


Adequate modeling of the battery is essential in starter/alternator design, as the battery voltage varies 
with temperature, SOC (SOD) and its recharging process set limits on the electric energy recovered in 
the generating mode. 

The simplest battery model contains an electromagnetic field (emf). E, and an internal resistance R; 
are both dependent on battery SOC and on temperature 9 (Figure 7.6) [11]. 

The battery emf E, increases with the SOC (and decreases with the SOD), while the internal resistance 
does the opposite. 

When the battery is deeply discharged (SOC,,,,), the voltage tends to drop steeply. This is the cut 
voltage V.,,, beyond which the battery should not, in general, be used. The practical capacity is thus, 


cut 


Q,= J - i(t)dt <Q, (7.8) 


When the battery is started, the constant discharge current should also be specified. 

The emf E, decreases when the temperature increases. There is also a step increase in E, when the SOC 
is high (Figure 7.6). This partially explains, for example, the denomination of 14 (42) V,, batteries when, 
on load, they work as 12 (36) V,.. 

The electrical energy extracted from the battery W, is as follows: 


ou 
w,= | “verde (7.9) 
0 


With constant discharging current, the total battery voltage vs. time looks as shown in Figure 7.7. The 
discharge time to V__, is larger if the discharge current is smaller. 
For constant discharge current (J) the cut-time t.,,, is offered by Peukert’s equation [2]: 


cut 


=— (7.10) 


with C, and n, as constants. 
The specific energy (Wh/kg) is the discharge energy W, per battery weight. For lead acid batteries, the 
specific energy is around 50 Wh/kg at Q/3 rate. 
Other batteries have higher energy densities, but their costs per watthour tend to be higher, in general. 
The battery power P(t) is as follows: 


P(t)=V,-i=(E,—Ri)-i (7.11) 
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FIGURE 7.7 Voltage per time for constant current discharge. 


For constant E,, the maximum power P,,,,,, occurs, as known, for Rigag= R;: 


tmax 


F2 
eis 4 R (7.12) 


The rated instantaneous power P,,is the maximum power deliverable for a short discharge time without 
damage, while instantaneous power P,, corresponds to large discharge intervals and no damage to the 
battery. 

The specific power is P/M ,(W/Kg). The lead acid battery may deliver a maximum of 280 to 400 W/kg 
at DOD = 80%. Other batteries may produce less. 

Table 7.1 presents typical characteristics of a few batteries for EHVs. 

Note that fuel cells, inertial (flywheels) batteries, and supercapacitors may act as alternative energy 
storage systems on vehicles. They are characterized by smaller energy density but higher power density 
(2 kW/kg) [12]. The fuel cells tend to have smaller efficiency (60 to 70%), while inertial and supercapacitor 
batteries have higher efficiency. 

Super-high-speed inertial (flywheel) batteries, in vacuum, with (eventually) magnetic bearing, should 
surpass the batteries in all ways, including the possession of a long life and a 2 to 3 min recharge time. 
Inertial batteries contain a super-high-speed generator/motor for recharging, controlled through a bidi- 
rectional PWM static power converter. This subject will be treated in the chapter on super-high-speed 
generators (Chapter 10). 


TABLE 7.1 ‘Typical Characteristics of a Few Batteries for Electric Hybrid Vehicles (EHV) 


Cost 
Battery Wh/kg W/kg Efficiency % Cycle life $/kWh 
Lead acid 35-50 150-400 80 500-1000 100-150 
Nickel-cadmium 30-50 100-150 73 1000-2000 250-350 
Nickel—metal-hydride 60-80 200-300 70 1000-2000 200-350 
Aluminum-air 200-300 100 50 — — 
Zinc—air 100-220 30-80 60 500 90-120 
Sodium-sulfur 150-240 240 85 1000 200-350 
Sodium-nickel-chloride 90-120 140-160 80 1000 250-350 
Lithium-polymer 150-200 350 — 1000 150 


Lithium-ion 80-130 200-300 95 1000 200 


Source: Adapted from I. Husain, Electric and Hybrid Vehicles, CRC Press, Boca Raton, FL, 2003. 
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In view of the many EHV schemes and ratings, in the following paragraphs, we will concentrate on 
various aspects of induction machine modeling, and design for variable speed and control for starter/ 
generator applications. In other words, we will aim to provide a comprehensive tool for EHV designers. 

A numerical example emphasizes the essentials and gives a feeling of the magnitude of this topic. 


7.3 Topology Aspects of Induction Starter/Alternator (ISA) 


The operations of ISA are characterized by the following: 


+ A thermally harsh environment 

+ Limited volume (weight) 

* Requirements for high efficiency and power factor 

+ Maximum speed above 6000 rpm 

* Bidirectional converter supply to and from a DC bus voltage source (battery); battery voltages 
vary by about (or more than) 30%, depending on SOC, load, and ambient temperature; the DC 
voltage goes up with power rating from 42 V,, to 600 V,, 


These operating conditions lead to some specifications in ISA design and control. 

First, squirrel-cage rotors are to be used. Also, the high speed corroborated with low volume leads to 
a large number of poles. As the maximum speed goes up, the number of poles should go down to limit 
the maximum fundamental frequency f, to 500 to 600 Hz. The frequency limitation is prompted by both 
reasonable iron losses and PWM converter switching losses and costs. 

The number of poles is larger when the rotor diameter (and peak torque) is larger, as what counts is 
the ratio of the pole pitch T to airgap g, to provide a reasonable magnetization current (power factor). 

In general, 2p,= 8 to 12 forn, < 6000 rpm and 2p,= 4 to 6 form, > 12,000 rpm. 

Higher than 6000 rpm speeds are typical when the belt or gear transmission with k, = 2/1 to 3/1 is used 
to couple the ISA to the ICE. 

Maximum fundamental frequencies of f, = 500 to 600 Hz lead to rotor frequencies of f, = 5 to 6 Hz, 
even for a slip S= 0.01 (f, =S-f)). 

Skin effect has to be limited both in the stator and in the rotor because of the large fundamental 
maximum frequencies and due to higher current time harmonics incumbent to PWM converter supplies. 
Also, to keep the losses down, while very large torque densities are required, the rotor resistance has to 
be reduced by design. 

The stator slots should be semiclosed and rectangular or trapezoidal. Rotor slot shapes with low skin 
effect should be chosen (Figure 7.8a through 7.8d). 

The U-bridge closed rotor slot (Figure 7.8d) is supposed to reduce the surface and flux pulsation losses 
in the outer part of the rotor cage. Unfortunately, this merit is counteracted by a larger slot leakage 
inductance. Finally, breakdown torque is reduced this way. 

Using copper instead of aluminum may help in reducing the cage losses, despite the fact that the skin 
effect tends to increase due to higher conductivity of copper in comparison with aluminum. Also, smaller 
cross-sectional rotor bars would allow more room for rotor teeth, leading to reduced rotor core saturation. 
Insulating the copper bars from slot walls may also prove useful in reducing the interbar rotor current losses. 

With 2p, = 8 to 12 poles, in most cases, the number of slots per pole and phase q, = 2, 3. Only for 2p, = 4 
to 6 poles, does q, = 3 to 5. 

Chorded coils in the stator are required to reduce the fifth and seventh magnetomotive force (mmf) 
space harmonics with their rotor core surfaces and cage losses. 

Skewing is also an option in reducing the first slot harmonics v = 6q + 1 with their rotor core surface 
and pulsation additional losses. When the number of rotor slots N, is chosen to be smaller than the 
number of stator slots N, (N, < N,): 


N 
0.8<—<1 (7.13) 
N 
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Uv 


(b) 


() (d) 


FIGURE 7.8 Suggested induction starter/alternator (ISA) rotor slots: (a) rectangular, (b) trapezoidal, (c) circular, 
and (d) U bridge closed slot. 


and N,, N, restrictions observed for reducing the parasitic torque harmonics and noise (Reference [13], 
chap. 11), no skewing is required, even if the rotor cage is not isolated from the rotor core. 

To reduce the end-ring leakage permeance, the end-rings should be placed at a distance with respect 
to the core. 

When the ISA is placed on the engine shaft, the rotor diameter D,, should be higher than a given 
value, as the respective space is required for cooling. 

The environment in such a direct coupling has an ambient temperature T,,,,,~ 110 to 130°C. So, even 
with Class F(H) insulation material, the winding overtemperature AQ@,,,, < 60 — 70°C. The rotor temper- 
ature, for prolonged full generating, may reach up to 240°C. Forced cooling may be needed to fulfill such 
conditions, especially with the ISA designed for low volume at the peak torque. 

The peak current density in the stator conductors may reach values around or even larger than 30 A/mm”. 

Further on, the degree of magnetic saturation in ISA, for peak torque, should be high for the same 
reason. A peak airgap flux density fundamental of 1.0 to 1.15 T is common for ISA. 

Allowing uniform, though advanced, magnetic saturation in the stator and rotor teeth and yokes seems 
to be the key to small airgap space harmonics in the airgap flux density (Reference [13], p. 125). Small 
space harmonics in the airgap flux density lead to small such harmonics in the teeth and yokes. So, in 
fact, the iron core harmonics losses due to space harmonics are reduced this way, and so are the torque 
pulsations, vibration, and noise. 

In terms of analysis, the gain is exceptional. The phasor and space-phasor (d—q) model could be used 
by simply making use of the magnetization curve of the machine, calculated (and measured) on no-load 
to adopt the machine’s main field inductance. 

For the peak current, to produce limited slot-leakage tangential tooth-stop flux density B,, (Figure 7.9a 
through Figure 7.9c), the slot opening W., is kept at 5 to 6g (g is the airgap). 

Also, for open and semiopen slots, the slot opening W,, should be “reduced” to W’, making use of a 
magnetic wedge with a relative permeability u,,=2+4, W’=W,/wu,,. 
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(a) (b) 


(©) 


FIGURE 7.9 Typical stator slots for induction starter/alternator (ISA): (a) semiclosed trapezoidal, (b) open rect- 
angular, and (c) semiopen rectangular. 


Allowing for W’/g>6 would imply a notably larger magnetization current and larger teeth flux 
pulsation that induces large rotor surface and harmonics cage losses. 

Open slots allow for the machine placing of coils in slots and allow for cuts to be made in manufacturing 
costs and time. The optimum airgap is a trade-off between magnetization current and rotor surface 
harmonics iron losses. In general, for the peak torque in the range from 40 to 1200 Nm, the airgap may 
vary between 0.5 and 1.0 mm. 


7.4 ISA Space-Phasor Model and Characteristics 


As already pointed out in the previous paragraph, uniform and heavy magnetic saturation (by design) 
of stator and rotor teeth and yokes leads to a close to sinusoidal airgap flux distribution. 

Consequently, the space-phasor model, so typically used in modeling induction motor drives [14], 
may be applied even for calculating torque, provided the magnetization curve, 


is known either from calculations or from tests. 
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WY, is the airgap flux linkage space phasor, and Im is the airgap-flux magnetization space-phasor 
current: 


In=letle (7.15) 


I, is the stator space-phasor current (stator current vector), and I, is the rotor current vector: 
20 20 
=p 2f. , Ge, Hi) igh 
pa2i ti-e > +i-e 3 }s me (7.16) 
3 a b € 


Equation 7.16 represents the so-called Park complex transformation, with 6° equal to the position angle 
of the orthogonal axis of coordinate system with respect to phase a axis in the stator. The same trans- 
formation is valid for the stator voltage and flux vectors. 

The stator and rotor flux ‘Y,,‘¥; are, simply, 


WY, =L, Ts+¥%n 
a Se (7.17) 
WY; _ Lyle + Bin 
L, and L, are the leakage inductances, both reduced to the stator, and so are I, and ©. 
The stator voltage vector equation in stator coordinates is as follows: 
om dY, 
I,-R-Vs=- (7.18) 
: dt 
And for the rotor, in rotor coordinates, 
a, 
I,-R =- (7.19) 
: dt 
For general coordinates, 
T =T.-e Met-*) Pp =P elt) 
—b s ‘ ae 2 re F 
L=t-e™ y= Pe (7.20) 
<b es sab 
V;=Ve-e® 
@,, is the rotor position with respect to stator phase a in electrical degrees (0, = p, -@.). 
Equation 7.18 and Equation 7.19 thus become 
Se | ee 
I,-R- ae -j-0,%;  @,=d0’/dt 
s s ot s 
_ (7.21) 
= Oo”, : Vii 
I-R=- > -j:(@,-@,) % @=d6, /dt= p,-Q. 
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The superscript b has been dropped in Equation 7.21, which are now both written in general coordinates 
that rotate at speed @,. 
For steady-state stator voltages V_,_, 
a,b,c 


Vo =v Ai-co of 0.72 (7.22) 
After applying the Park complex transformation of Equation 7.16, we obtain 


V.=V,-v2-cos(@, -@,)-t—j-V,-V2-sin(@,—@,)-t (7.23) 


So, the frequency of the voltage vector applied to the induction machine at steady state (w, —@,) depends 
on the speed of the orthogonal reference @,. 
Three reference system speeds are most used: 


* Stator coordinates: w, =0 
* Rotor coordinates: @, = @, 
* Synchronous coordinates: @, = @, 


Synchronous coordinates are used for machine control simulation for vector (flux-oriented) control 
(FOC) implementation while stator coordinates are used for direct torque and flux control (DTFC). All 
three values of w, are used for building state observers for FOC or direct torque and flux control (DTFC). 

For synchronous coordinates, steady state means zero frequency in Equation 7.23, as @, = @,. 

Constant rotor flux in Equation 7.21 means 0'Y,/dt=0 and constitutes the basis for vector control. 
Let us consider synchronous coordinates: @, = @,. This means that only the amplitude of the rotor flux 
vector has to be maintained constant to eliminate rotor electrical transients. It was proven that constant 
rotor flux control leads to the fastest torque transients in the machine fed through a controlled current 
source. DTFC does almost the same but in stator coordinates. 

Eliminate the stator flux and rotor current in Equation 7.21 by making use of Equation 7.15 and 
Equation 7.17, and replace 0/dt with s (Laplace operator): 


2 = Ts 
I;-(R,+(j-@,+5)-L.)-Vs =— (s+j-@,)- e MS 
L,=L,+L,, 
2 ; wy 
I;-R.=(R,+(stj-S-@,)-L,)-—; 
L, (7.24) 
L=L,+L,, 
2 
L =L-— 
SC s L 


‘, 


S=(@,-@,)/@, — the slip 


The torque is 


£ = FP, Real(j-¥sT)= 5p, -Real(j-Is+I;) 
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For constant rotor flux, s = 0 in the second expression of Equation 7.24. Also, for steady state s = 0 in 
the first equation, synchronous coordinates 


= —_ L— 

Tso(R,+j-@,-L)-Vi0=-j-@,: L Pio (7.25) 

7 ¥ H ¥, : 

ai ek =1,,+3-1,5 (7.26) 
T e; (7.27) 
ro R . 


For constant rotor flux, the stator flux vector VY; is as follows: 


W.=L-L,+7-L, 1; Sil (7.28) 


and the torque T, is 


T. HF PE, h) Ty I > 


e 


3 i a (7.29) 


A few remarks are in order after this theoretical marathon: 


+ The torque expression of the induction machine for constant rotor flux (amplitude only in 
synchronous coordinates) resembles that of a synchronous reluctance machine, where the d axis 
inductance is the no-load inductance L,, and the q axis inductance is the short-circuit inductance 
L,.. The higher the difference L, — L,,, the larger the torque for given current. 

* For constant rotor flux, the stator current vector has two components: a flux one I), aligned with 
the rotor flux vector and the torque one I, 90° ahead in the direction of motion for motoring (S 
> 0) and behind (S < 0) for generating. 

* For constant rotor flux, the stator flux vector has two components (Equation 7.28) produced by 
the I,, and I; stator current components. 


Equation 7.25 through Equation 7.29 may be represented in a vector diagram as in Figure 7.10a and 
Figure 7.10b: 


+ For motoring (and braking) — S > 0 — the stator current vector I is ahead of stator flux 
vector ‘Ys in the direction of motion. The opposite is true for generating. 

* Voltage, current, and flux vectors power angles 6,, 6, Oy may be defined. For motoring, the 
stator flux vector ‘Vso is ahead of the rotor flux vector ‘Pro along the direction of motion, and it 
is lagging for generating. 

* The core losses are not yet considered, but for a first approximation, they depend only 
on @,, SO, and Yor. At low speed, the core losses are small, as @, is small, though full flux 
is injected in the machine. At high speed, the frequency @, is high, but the flux ‘¥, is small due 
to voltage limitation. When the winding or pole number changeover occurs at the changeover 
speed, the core losses are suddenly increased, as the flux Y, is brought to the highest level, again 
limited only by magnetic saturation. The stator flux V, surpasses the airgap flux ‘Y_, only by a 
few percent, in general (due to stator leakage flux L,I). 
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(b) 


FIGURE 7.10 Induction starter/alternator (ISA) vector diagram (steady state in synchronous coordinates): (a) motoring 
and (b) generating. 
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* The airgap flux ‘¥ magnetization current I is as follows: 
m m 


oti ea ees mle egg Ces (7.30) 
m=Is r=ly, J Tr L, pie J R . 
= S _ S-0,-L, 
Pa=¥-L, r= ¥,: SS eee (7.31) 


It should be noticed that once the rotor flux ‘Y, and the torque values are set, the amplitude of 
the stator current I, the slip frequency value S@,, the airgap flux ‘¥, and the stator flux Y, 

amplitudes are all assigned certain values, depending also on the machine parameters R ,L, (Y,) 
and LL. 

* ‘The magnetization inductance L,, depends on the airgap flux only — L(Y) or L, (,,) — while 
rotor temperature changes the rotor resistance R,. The stator and rotor leakage inductances are 
considered constant, in general. 

* At low speed, for peak torque, as the core losses are small, the maximum torque per current 
principle should be applied: 


3 
Le PAL Aten (7.32) 


I=L =—% (7.33) 


; ia 
en a ae 
ae 2 P m rl 2 
L. 
Ole! (7.34) 


2 
=~. | R+R L, i (7.35) 
Poo, ~ 2 Ki ‘$ r L 2 . 
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T. 
Lm= const (constant magnetic 
saturation level) 
\ 
\ ‘ ‘ 
\ L,»* const (variable saturation 
level) 
L 


igg = constant 


FIGURE 7.11 Torque vs. current power angle 6, with constant and variable saturation. 


It is now evident that L, (and L.) depend predominantly on the magnetization current of the main 
flux, Ls 
ki 

As the short-time-lived peak torque should be large, so too will be the peak current. Consequently, 


Ln, = at (1.02 to 1.1) should be very large. 

Current densities up to 30 to 40 A/mm? are admitted for peak torque short durations and adequate 
cooling. 

Heavy oversaturation of the machine is thus mandatory, for very large peak torque, though L (I he ) 
decreases due to heavy saturation. 

An optimum saturation level for given geometry and torque (for given volume) is to be obtained. 

The ideal current power angle 6, = 45° but, due to variable saturation, it departs from 45° to notably 
larger values, as L_ decreases with saturation to obtain maximum torque for given stator current 
(Figure 7.11). 

The magnetic saturation curve may be calculated or measured and then curve fitted. A standard 
approximation is as follows [15]: 


LI 
=—24"_+[ -J] =L -J (7.36) 
m 1+J,/1,,, 00 m m m 
So, 
L 
L  )=——— + L (7.37) 


mm 


ee ieee 


The constants LLL, are to be determined to best fit the analytical or finite element field model 
of the saturated machine over the entire magnetization current range. 

+ As speed goes up, the machine cannot keep the peak torque past a certain speed, called the base 
speed O,> for which full output voltage of the PWM converter is reached. In general, full flux 
is considered for base speed, full voltage, and peak torque. If the flux is reduced, the base speed 
may be increased for the cost of larger current. For Thy, = I, /2 = T, the stator flux ee is as 


i 
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follows: 


ia ek 
=L. k§+qg.D. kil, f= 


Y ? 
Ski $ V2 J ‘SC 3 


“(1+ j) (7.38) 


rz 


with a positive sign (+) for motoring and a negative sign (—) for generating. 
The stator voltage is simply 


Vs, =R-1s,, +70, ¥ 


Ski 


I I I I (7.39) 


(7.40) 


The maximum stator voltage vector fundamental V,_ is dependent mainly on the battery volt- 
age V, and, to a smaller degree, on the type of PWM: strategy that is applied. In general, 


fake 


“3 wwe 


peak value per phase) (7.41) 


The coefficient k,,,,, depends on the PWM strategy but in general is in the interval of 0.9 to 0.96. 

It is important to mention here again that the battery voltage varies with the SOD (SOC) and ambient 
temperature and load. 

There might be a 30 to 50% difference between maximum and minimum value of battery voltage, 
and to secure the peak torque for the worst case, it might prove to be practical to use a voltage 
boost bidirectional DC—DC converter in front of a PWM converter instead of oversizing the PWM 
converter to comply with peak torque current demand at the lowest battery voltage. 

Above base speed, the current angle should be increased, sacrificing more current for flux reduction. 

The best exploitation of voltage corresponds to maximum torque per flux: 


ES = Ja, Ty y + (L,, i I, y 


3 L 
re ee ae (7.42) 
or, ‘ 
Ay, 
Finally, for peak torque at given flux: 
id 
L.-T =L_ -LsWy=+- (7.43) 
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and 


Ei (7.44) 
L. 


Yo~—H—;  k, =0.95-0.97 (7.45) 


The flux level decreases inversely proportional to frequency. The slip frequency (@,S),,, for maximum 
torque per flux, though constant, is rather large. 
The current angle (6; ) ay is, from Equation 7.44, 


Ente! af 2, 1 
(6,) .y = tan { = Jem | Fi |< i (7.46) 


The current power angle (with axis q) for maximum torque per flux is much smaller than 45° in this case. 

The maximum torque per flux condition (and 6,,,,) should be used in the design to define the 
maximum speed for constant power, either motoring or generating. 

Beyond this frequency (speed) —@,_ =@,,,, +(S@,) — producing constant power is not feasible, 
but some power is available, though at higher losses per Newton meter of torque. 

It is, thus, clear that the current power angle 6, , if controlled, should be 6, = (6,),, = up to base speed 
and continuously decreasing above this speed down to 6,=(6,),,= tan"'(L.,/L,) for maximum 
constant power speed. Also, the slip frequency increases from (S@,),,=7> to (S@,).y = 
(Figure 7.12). : ‘ 


‘sc 
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FIGURE 7.12 Current power angle 6, and slip frequency S@, vs. stator frequency @, for constant torque and then 
constant power and voltage. 
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FIGURE 7.13 Voltage and current vs. speed envelopes for constant torque (up to 2000 rpm) and constant power 
(30 kW) from 2200 rpm to 9000 rpm. 


As a conclusion of the above rationale, we mention that once the peak torque T,,, base frequency @,,, 
and maximum frequency @,_ (for constant power) are fixed, the main machine design options 
are made. 

For constant electromagnetic power P,, : 


el (7.47) 


and constant voltage, from @,, to @,,,,,, the reference flux and torque may be calculated easily from 
Equation 7.44 and Equation 7.47. Then, from Equation 7.42, the required values of stator current 
orthogonal components J,, and I, (and 6, ) and Sw, may be calculated. 

The stator current for each frequency is then calculated from Equation 7.42. 

Such typical calculations for 30 kW constant power are shown in Figure 7.13 [9]. 

It should be noticed that, though the constant torque is provided up to 2000 rpm, the voltage V, is 
lower than V, (the maximum value). This means oversizing the converter (in current), but it 
provided the requested 4:1 constant power speed range without winding reconfiguration. 

Once the above theoretical tool is in place, the machine magnetization curve and parameters are 
known, other steady-state characteristics, such as machine losses and current power angle vs. speed 
may be determined. 


7.5 Vector Control of ISA 


A generic vector control system for ISA is as shown in Figure 7.14. It has the following main components: 


* The reference rotor flux ‘¥" calculator (for handling both motoring and generating) 
* The reference torque T. calculator (for motoring [T, > 0] and generating [T, < 0]) 
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FIGURE 7.14 Generic (indirect alternating current [AC]) vector control system for induction starter/alternators (ISAs). 


+ The stator space-vector current components calculator, based on Equation 7.42, adapted to con- 
stant torque and constant power conditions as required for motoring and generating below and 
above base speed, for battery recharging, and for regenerative break 

* The vector rotator which transforms the currents vector from rotor flux to stator coordinates 

* The closed-loop PWM system based on alternating current (AC) regulators 


It should be noticed that the state of the acceleration and brake pedals and of the battery and the 
speed have to be considered in the reference flux and torque calculators, in order to harmonize the driver’s 
motion expectations with energy conversion optimal flow on-board. 

In a direct current vector system, the rotor flux position 0, rotor flux, and speed may all be estimated 
[14], and thus, a motion-sensorless system may be built. The vehicle has to start firmly, even from a stop 
on a slope; thus, firm and fast torque responses are required from zero speed. Only for cruise control is 
an external speed regulator added. 

So, all sensorless systems have to provide safe estimation of @,, and ‘¥ at zero speed. This is how 
signal injection solutions became so important for sensorless ISA control [16]. 

The signal injection observer of 0,,, ‘¥, and @ has to be dropped above a certain speed due to large 
losses in the machine, inverter voltage usage reduction, and hardware and software time and costs. The 
transition between the two observers has to be smooth [16]. 

The above indirect current vector control scheme [14] has the merit that it works from zero speed in 
the torque mode, but adaptation for rotor resistance R. and for magnetic saturation have to be added. 

If a speed sensor is available on an EHV, the indirect current vector control with rotor resistance 
adaptation and saturation consideration constitutes a practical solution for the application. 


7.6 DTFC of ISA 


DTEC provides closed-loop control of flux and torque that directly triggers the adequate voltage vector 
in the converter. To reduce torque and current ripple, a regular sequence of neighboring voltage vectors 
with a certain timing is needed. For the basic DTFC, please see Chapter 6. A general scheme for DTFC 
for ISA is shown in Figure 7.15. 
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FIGURE 7.15 Direct torque and flux control (DTFC) of induction starter/alternator (ISA). 


For DTFC, the AC (or DC) current regulators are replaced with DC stator flux and torque regulators. 
Also, a state observer that calculates stator flux amplitude Y’, and position angle Oy. (in stator coordi- 
nates) and then calculates the torque, is required. In motion sensorless configurations, a speed observer 
is also needed. 

As speed control is not imperative at very low speed, sensorless DTFC without signal injection was 
proven to produce fast and safe torque response at zero speed [17] (Figure 7.16a and Figure 7.16b). 
Variable structure (sliding mode) control was used both in state observer and in the torque and speed 
regulators. 

The sliding mode flux observer [17], shown in Figure 7.17, combines the voltage model in stator 
coordinates and the current model in rotor flux coordinates to eliminate the speed estimation interference 
(errors) in the observers. The two models are connected through a sliding mode current error corrector 


T, (Nm) 
T, (Nm) 


> 
0.008 0.01 0.012 0.014 0.016 0.008 0.01 0.012 0.014 0.016 
Time (s) Time (S) 
(a) (b) 


FIGURE 7.16 Step torque response of motion-sensorless direct torque and flux control (DTFC) at zero speed 
without signal injection: with (a) sliding mode control and space-vector modulation and (b) classical DIFC. 
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(Py ig) tan” (Pyq/Pra) 


FIGURE 7.17 Sliding mode flux observer. 


(the current is also estimated, not only measured). This way, the current model prevails at low speed 
and the voltage model at high speeds. 

A stator resistance corrector is needed for precision control at very low speeds. The rotor resistance is 
considered proportional to that of the stator: 


R, = Re — kes (Ea i, cs oa Ss iy ~ i.,)) (7.48) 
A ~ R 
R,=k,-R,-— (7.49) 
r x “'s R 


i, is the measured and i, the estimated current vector (Figure 7.17). 
The stator resistance adaptation greatly reduces the flux estimation errors [17]. 
The torque calculator is straightforward: 


-p, Real j¥, i) (7.50) 


A few solutions for the speed observer may be applied for the scope [14], but as speed control of ISA 
is not required at low speeds, a standard solution may be appropriate for the case: 


@, =,,,—(SO,) (7.51) 
~ ay 
7 reall, IG (7.52) 
Neo, gta . 
|, | 
A SOR 
(80, )= se (7.53) 
3p, |¥,| 
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The rotor speed comes as the difference between the rotor flux vector speed and the slip speed. An exact 
value of rotor resistance R is required for good precision. This justifies the rotor resistance adaptation, as 
in the flux estimator. The rotor resistance interferes only in the current model (that is, at low speeds). 

The control hardware and software do not change with speed. 

Note that while both vector control and DTFC are capable of similar dynamic and steady-state 
performance, DTFC seems slightly superior when torque control is needed and motion-sensorless control 
is preferred. 


7.7 ISA Design Issues for Variable Speed 


There are a few design peculiarities to ISA design for variable speed. We already mentioned a few in 
previous paragraphs. Here we present them in a more systematic manner. 


7.7.1 Power and Voltage Derating 


There is a rich body of knowledge on induction machine design (mostly for the motor operation mode) 
for constant voltage and frequency [13]. 

The Epson’s constant C, (W/m’), as defined by past experience, is an available starting point in most 
standard designs. To apply it to ISA, we first have to reduce C, to account for additional core and winding 
time harmonics losses. Then we have to increase it for peak torque requirements in constraint volume. 

With today’s insulated gate bipolar transistor (IGBT) PWM voltage source converters for DC battery 
voltage above 200 V, and power MOSFETs for less than 200 V,,. batteries, the converter derating of ISA 
is P,_,, = 0.08 to 0.12. 

The Epson’s constant is of little value for ISA designed for speeds above 6000 rpm, belt-driven, as little 
experience was gained in the subject. 

Voltage derating is due to PWM converter voltage drops. It amounts to 0.04 to 0.06 P.U. for above 
200 V,, batteries voltage, but it may go well above these values for 42 V,,. batteries. 

In designs that are tightly volume constrained, such as ISA, it may be more appropriate to use as a 
design starting point the specific tangential peak rotor force density (shear stress) f, (N/cm’). 

Peak values from four to almost 12 N/cm? may be achieved with current densities ranging from 10 to 
40 A/mm”. Naturally, forced cooling is generally necessary for ISAs. 

As the battery voltage varies from V gemin tO Vaenax by 30% or more, the design may be appropriate for 
average rated V,,, with verifications on performance for minimum battery voltage. 


7.7.2 Increasing Efficiency 


Increasing efficiency is important to ISA to save energy on board vehicles. Volume constraint is contra- 
dictory to high efficiency, and trade-offs are required. 

While volume constraints lead inevitably to increased fundamental winding and core losses, there are 
ways to reduce the additional (strayload) losses due to space and time harmonics. 

Space harmonics are mainly due to stator and rotor slotting and magnetic saturation, but time 
harmonics are mainly due to PWM converter supply (Reference [13], Chapter 11 on losses). 

A few suggestions are presented here: 


* Adopt a large number q, of slots/pole/phase, if possible, in order to increase the order of the first 
space slot harmonic (6q, +1). 

* Compare thoroughly designs with different pole counts for given specifications. 

+ In long stack designs, use insulated or at least noninsulated rotor cage bars with high bar-contact 
resistance in skewed rotors to reduce interbar current losses. 

* Use0.8< N/N, <1(N,,N, stator and rotor slot count) in order to reduce the differential leakage 
inductance of the first slot harmonics pair 6q, +1 and, thus, reduce interbar rotor current. Skewing 
may not be needed in this case, provided the parasitic torques are within limits. 


© 2006 by Taylor & Francis Group, LLC 


Induction Starter/Alternators (ISAs) for Electric Hybrid Vehicles (EHVs) 7-25 


* Skewing is necessary for q, = 1,2; even a fractionary winding, with all coils in series, and free of 
subharmonics (q=1+), may be tried in order to reduce strayload losses. 

+ Thin (less than 0.5 mm thick) laminations are to be used in ISA design where the fundamental 
frequency is above 300 Hz, to reduce all core losses. 

* Use chorded coils to reduce end turns (and losses) and the first phase belt harmonics (5,7) parasitic 
asynchronous torque. 

* Carefully increase the airgap to reduce additional surface losses, but check on power factor 
reduction (peak current increases). 

+ Re-turn rotor surface to prevent lamination short-circuits that may produce notably higher rotor 
surface additional core losses. 

* Use sharp stamping tools and special thermal lamination treatment to reduce fundamental fre- 
quency core losses [18] above 300 Hz. 

* Use copper rotor bars whenever possible to reduce the rotor cage losses and rotor slot size. 


7.7.3 Increasing the Breakdown Torque 


Large breakdown torque by design is required when a more than 2:1 constant power speed range is 
desired. This is the case of ISA, where ratios @/@,, above 4:1 are typical and up to 10(12):1 would be 
desirable. Breakdown to rated torque T,, /T,, ratios in induction machines is in the 2.5 to 3.5 range. The 
natural constant power ideal speed range coincides with the T,, /T., ratio. When 


o T. 
tn > ek (7.54) 
o,, T,, 


machine oversizing and other means are required. 
Still, a high T,,/T,, ratio is desirable without compromising too much efficiency and power factor. As 
the breakdown torque T,, may be approximated to (R, =0), 


2 
3 Vales 
Poe tp) Sees 7.55 
i rE] 20, eo) 


reducing the short-circuit inductance L, of ISA is the key to higher breakdown torque. 
The two components — stator and rotor — of short-circuit (leakage) inductance are as follows 
(Reference [13], Chapter 6): 


2 
L, 7 2M olsack , 7" : (A, + 1. + Ns + A 


1 1 


) (7.56) 


2 
-k 
L, = 4m stack { a oa : 2u,(A, + ,. + A, +A, +Asey) (7.57) 


r 


with 
Ror, the stator (rotor) slot permeance coefficients 
A,,4,, the stator (rotor) zigzag permeance coefficients 
A ah , the stator (rotor) differential leakage coefficients 
An phe the stator (rotor) end connection (ring) leakage coefficients 


A. the rotor skewing leakage coefficient 
w, the turns per phase 


p, the pole pairs 
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With so many terms in Equation 7.56 and Equation 7.57, an easy way to reduce L_ is not self-evident. 
However, the main parameters that influence L.. are as follows: 


Pole count: 2p, 

Stack length/pole pitch ratio: |. , 
Slot/tooth width ratio: b, | /b 
Stator slots/pole/phase: ma 
Rotor slots/pole pair: N /p, 
Slot opening per airgap: w..|./g 

Stator and rotor slot aspect ‘ratio: h. |b. . 

Air flux density: Ba a 

Stator (rotor) peak torque current density: j,,j, 


IT 


test, 


Parameter sensitivity analyses showed that 2p, = 4,6 are best suited for speeds above 6000 rpm 
and 2p, = 8,10,12 for speeds below 6000 rpm when wide constant power speed range conjugated with 
high peak torque at standstill are needed in volume constraint designs such as ISAs. The differential 
leakage tends to decrease with increased q, slots/pole/phase and decreased slot aspect ratios h, ./b, , < 3.5 
to 4. However, this tends to increase the machine volume or oversaturate the core. 

Longer core stacks Eg may allow for a smaller stator bore diameter and, thus, shorter end connection 
in the stator windings. Slightly less end-connection leakage inductance is obtained this way. Only in high- 
speed ISAs with four poles does such a strategy seem practical. 

Skewing, if avoided, as explained in the previous paragraph, may contribute to L, (and, thus, L.) 
reduction. Special stator windings with four layers were proven to reduce, in a few cases, by 30%, the 
stator leakage inductance [19]. However, this occurred at the price of added winding manufacturing costs. 


7.7.4 Additional Measures for Wide Constant Power Range 


Beyond the natural constant power speed range (T,, /T., ratio: 2.5 to 3.5) illustrated in Figure 7.18a, machine 
oversizing is required, as the base torque T,, has to go below rated (continuous) torque T, (Figure 7.18b). 

When the constant power speed range is larger than 4:1, machine oversizing will not do it alone, and 
winding reconfiguration or pole count changing is required. 


7.7.4.1 Winding Reconfiguration 


Consider a wide constant power speed range c, =@,_,./@,, > 4 and allow for a torque reserve at all speeds 
above rated (base) torque requirements (Figure 7.19): 


=6,- >1 
eb 
T 
- Sb. 1 (7.58) 
eM 
£ 0) 
eM Pe rb reer 
T, @.,., c 
el rmax @ 


As in this caseT,/T,<@. /@,, 
ek eb rmax rb 


range should not reach its maximum value at base speed but somewhere below it. 
We may consider T,, and T,,,, as breakdown torques; thus, 


2 2 
V, 1 3 V, 1 
eps) 2 | 3 T .=—-p-}| —m™ |. 7.59 
n {=| 2L aMi 2p { Za | 2L ee 


the phase voltage required to provide the wide constant power 
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Full-size machine: 
Tep = Te 
T 


ack = Ormax ¢ 953.9 
Ter Orb 


O, 
1 2 3 ai 
(a) 
Tsihe. 
3 Oversized machine: 
Top < Tor 
w, 
2 Tex = Te as 
t Tey | _ Or 
Tey Ormax 


(b) 


Voltage 


Ob Ormax Q, 


FIGURE 7.19 Phase voltage increasing for extended constant power speed range. 
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FIGURE 7.20 Star (Y) to delta (A) winding changeover. 


Consequently, 
2 2 
[ | = a= | 7 lie = ey Over (7 60) 
V, o, Ty, Cyr 


For ©, /@, = 45 Gp = 35 Cup =15, V/V = 141. 

Consequently, a 30% reduction in the voltage has to be allowed at base speed. Accordingly, the same 
increase in the phase current is to be allowed for. Consequently, the PWM converter has to be oversized 
by 1.41 times in current. The machine is to be oversized in this situation only if it is not capable of a 4:1 
peak torque/rated torque ratio, which is the case in most situations. Realistic values of the above torques 
may be calculated by making use of induction machine standard equivalent circuits. A further increase 
in the constant power speed range requires winding changeover. The obvious choice is from star to delta 
connection (Figure 7.20). 

Only a dual action power electromagnetic switch is required to perform the star to delta switch. During 
this changeover, the PWM converter control should be inhibited. If the time required for the changeover 
is less than 0.1 sec, it will hardly be felt by the EHV power system. 

When the winding connection switches from star to delta, it is as if the phase voltage was increased 
3/1 times. 

Consequently, the constant power speed range, proportional to voltage squared, because the torque is 
proportional to voltage squared, is increased three times: 


2 


Oma ja 2, Vie pee = 3 
Oe ( phase Ven 


With this 3:1 ratio, the method is efficient for the scope and is in industrial operation in some spindle 
drives. It should work as well for EHV. 

Winding tapping would bring a similar increase in voltage, but only part of the machine winding 
would remain at work at high speeds. So, the overheating of the machine due to increased core losses 
has to be attended for properly. 

So, it seems that the star to delta switching changeover is the best option. 

Note that inverter pole changing in the ratio of 2:1 with a Dahlander winding may produce an almost 
2:1 constant power speed range by using two twin PWM converters for the two half-windings. For one 
pole count, the currents in the two converters are in phase, and for the other they are opposite. The 
transition may be smooth [20], but still at the price of two converters, even designed at half the rating 
of a single one, because full battery voltage is available for both of them. 
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Note that for the smaller pole count, the winding factor goes down to 0.6 to 0.7 from 0.86 to 0.933, 
and its end connection leakage inductance and resistance are larger than they should be in a dedicated 
winding. This fact leads to a notable reduction of the actual constant power speed range from 2 to 
probably less than 1.5. 

At a higher ratio (3:1 for example), a pole count changing winding with high performance is not 
apparently available in an easy-to-manufacture-and-connect winding, so this latter approach seems to 
be less practical for industrial purposes. 


Example 7.1 


Consider a belt-driven ISA. The belt transmission ratio is 3:1, and the ISA has to deliver the peak torque 
of 140 Nm up to 500 rpm and the constant peak power (7.326 kW) up to 6000 rpm (engine speed). 
Only 7.326/3 = 2.432 kW is required from ISA for continuous generating from 500 to 6000 rpm: the 
breakdown to rated torque ratio of the machine c,..=T,, /T., = 3.0. 


It is requested that we calculate the PWM converter current oversizing and machine peak torque over- 
sizing to perform the c,,,=@, /@,, = 6000/500 = 12/1 constant power speed range. 
Solution 


The star to delta switching can produce a theoretical 3/1 speed range increase. So, it will be placed at c,,./3= 
4.0 base speed. That is, the star to delta switching will take place at 4.0 times base speed (Figure 7.21). 


Consider a zero reserve of torque at maximum engine speed c,,,.=1. Also, at base speed, c,,= 3.0 
and @ /o, =4/1. 
MAX sar b 


Then, from Equation 7.60, applied at 4@, for delta connection, and at @, for star connection, the 
respective voltage ratios are calculated: 


(“s star/delta |-f 
V ted star idelta 
an Vg =]. = 0.866 
V, 
4 A M gar delta X star 


For the same power factor, the design current I; at base speed (point A in Figure 7.21) is increased 
with respect to that of base (max) voltage, I,, by 


yO, 
= —* = —__ =1,1547 
I, ae 


The same ratio is valid for the peak torque current ratios in the two cases. 


The converter oversizing is equal to current overloading, which is only 15.47% in our case. However, 
the machine oversizing in torque is equal to the constant power speed ratio for star connection (4/1) to 
peak/rated torque ratio (3/1); that is, 4/3 = 1.33, or 33%. 


As the machine costs are notably lower than the PWM converter costs for given kilovoltampere 
(especially for battery voltages V,, < 200 V), the above division of oversizings seems to be adequate. 


As in our case, for generator mode, three times less than peak power is required, there should be no 
problem in obtaining it with proper control. Even star connection would do for generating in our 
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7.326 kW 
for motoring 


0 500 2000 __ Engine speed (rpm) 6000 
1500 6000 ISA speed (rpm) 18000 


FIGURE 7.21 Voltage for wide speed constant peak power motoring of an induction starter/alternator (ISA) with 
Y and A winding switching. 


case, but performing star to delta and delta to star switching at a given speed may prove more practical 
to implement in the control, in order to limit the wearing-off of the electromagnetic power switches. 


With the exception of generating limitations at high speed, attributed here in part to control 
insufficiencies, very good performance in torque/speed envelopes was proven in Reference [6] and 
Reference [15] for full-size ISAs for mild and, respectively, full hybrid electric cars. 


Still, the rather high rotor winding losses at low speed for peak torque constitute a severe obstacle 
to ISA industrialization. 


In Reference [22], an urban electric vehicle with ISA is presented with test results for 14 kW constant 
power at basically a 3:1 speed range. 


A design comparison between two electric vehicles with ISA, one for in-wheel placement (400 rpm, 
rated speed) and one with a 10/1 gear ratio, at 5 kW, was performed considering the losses in the 
ISA and in the converter for a 3:1 constant power speed range, for urban- and country-drive standard 
European cycles. 


With stator flux adapted to torque, a notable energy savings for in-town drive is obtained. The 
geared ISA is shown to peak slightly superior in terms of losses (or range) at 16.3 kg weight (ISA 
plus gearbox) vs. 40 kg for the in-wheel configuration [23]. 


Yet another such comparison design of direct-driven and transmission-driven ISA for a mild hybrid 
vehicle (at 42 V,,.) for 6.5 KW generating from 1000 to 6500 rpm engine speed and 350 Nm crankshaft 
starting torque is given in Reference [24]. Theory and some test results are offered. Winding 
changeover is used, as a 6.5/1 constant power speed range is required. 


The epicyclic gear is operational only in the motor mode. This way, the ISA peak torque is reduced. 
A 12-pole ISA is adopted to reduce the slip frequency and losses. The power factor increases, and 
thus, the peak current is reduced. The battery requirements and PWM converter rating are also 
reduced. 


For the gearless solution, the star to delta switch of the winding is used to reach the large constant 
power speed range in an 18-pole ISA configuration. 


About 6.5 N/cm? shear rotor stress for the peak torque is adopted in designs. 
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Both solutions have their definite merits. 


Note that a comprehensive design methodology of an ISA, complete for specifications, should also 
consider the PWM converter and battery losses and costs in order to provide an industrial design. 
For simplified PWM loss modeling, with and without DC voltage booster, see Reference [9]. 


Blending the standard induction machine design body of analytical knowledge with finite element 
method (FEM) verifications (see Reference [13] for details) for the ISA special operational condi- 
tions, should lead to such an industrial multiobjective optimization design of the ISA system. Such 
a grueling task is beyond our space and scope here. 


7.8 Summary 


+ “Electrification” of road vehicles is under aggressive development today with some dynamic 
industrial markets in place. 

+ The degree of electrification is defined by the electric fraction %E, the ratio between peak electric 
propulsion power and peak total power of the vehicle. 

+ With %E < (70 to 80)%, the vehicles are called hybrids; with %E = 100%, they are called electric 
vehicles. 

+ High peak starting torque and wide constraint power speed range (up to 12:1) are required in 
EHVs under constraint volume and costs, but with low total system losses, to cut fuel consumption 
and increase battery life. 

* Given its ruggedness and low cost, the induction machine seems a natural choice for starter/ 
alternators on EHVs. They are called here induction starter/alternators (ISAs). 

+ In mild hybrids, the starter/alternator is to be designed for low battery voltage: the 42 V,. bus, in 
general. It uses a PWM power converter interface to deliver controlled torque for the entire speed 
range. It is also limited in power to (in general) a maximum of 6 kW. 

* Full hybrids have ISAs that deliver above 6 kW of power for both motoring and generating and 
require high voltage battery packs (180 V,,and more). ISAs assist the driving substantially at low 
speeds (up to 2000 rpm engine speed) and still notably above this speed. Powers of 30 to 50 kW 
are typical for full hybrid cars and above 75 kW for hybrid city buses. Electric vehicles with batteries 
or fuel cells or inertial batteries (flywheels) require even more power, as electric propulsion acts alone. 

+ The battery voltage is a very important design factor for ISA, and its modeling is crucial to 
determine the battery receptivity during its normal recharging (at high speed) or during regen- 
erative braking by ISA. 

+ Battery capacity Q, discharge rate Q/h, SOC, SOD, and DOD, are among the main parameters in 
battery modeling. Linear models, with variable emf (e,) and internal resistance R; are typical. 

+ The number of charge—discharge cycles, the specific energy (Wh/kg) and specific peak power 
(W/kg) and efficiency characterize the battery performance for EHVs. 

+ An actual lead-acid battery is characterized by about 50 Wh/kg, 400 W/kg, 80% efficiency, 500 to 
1000 cycles at 150 $/kWh. Newer batteries such as lithium polymer batteries are credited in tests 
with 150 to 200 Wh/kg, 350 W/kg, 1000 cycles at 150 $/kWh. Further developments are needed 
to dethrone the lead-acid batteries, with valve-regulated electrolyte, from road vehicles, because 
they are an established technology. 

+ Super-high-speed flywheels (in vacuum) with magnetic suspension and special rotor composite 
materials have been tested up to 1 km/sec peripheral speed, when the 50 Wh/kg of lead acid battery 
is surpassed at 2000 W/kg and 2 to 3 min “recharging.” The recharging of the flywheels is performed 
through the generator/motor on its shaft and its PWM power interface converter. 

* Given the challenging torque, efficiency, power factor, speed range, under constraint volume, and 
costs of the ISA system, quite a few design particularities characterize them. 
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Variable Speed Generators 


As in any variable speed system, the performance and costs prevail. This way, the fundamental 
frequency in the ISA is limited, with silicon lamination core, to 500 to 600 Hz, to also reduce the 
PWM converter switching losses. 

Depending on the usage (or not) of the transmission between the ISA and the ICE engine (in 
hybrid vehicles) and between ISA and wheels in electric vehicles, the maximum speed of ISA varies 
from 2000 rpm in city buses to 18,000 rpm in the mild hybrids with belted ISAs. 

Consequently, ISAs placed on the ICE shaft are designed with 8, 10, or 12 poles, while the belted 
ones have four or six poles. 

Skin effect is not desirable, and this restricts the shape of the rotor slot. 

The high peak temperature in the rotor (240°C or more) tends to suggest using copper bars in 
the rotor cage. 

Advanced magnetic saturation is needed to reach high peak torque density at low speeds and for 
start. Uniform oversaturation of stator and rotor teeth and yokes reduces the airgap flux density 
space harmonics. So, provided the magnetization curve of ISA is known from analytical or FEM 
models, the equivalent circuit and the space-phasor model may be used in the ISA design, per- 
formance, computation, and control. 

Constant rotor flux (rotor flux orientation) — FOC — allows for fastest transient torque of ISA 
in rotor flux coordinates. 

For constant rotor flux amplitude in synchronous coordinates (@, =@,), the ISA acts as a high 
saliency reluctance synchronous machine; the virtual saliency is “produced” by the rotor current 
vector, which is at 90° with respect to the rotor flux vector. The d axis inductance is the no-load 
inductance L,, and the q inductance is the short-circuit inductance L,.. The d axis current is the 
rotor flux current i, and the torque current, along axis q, is iy. 

For peak torque production, the maximum torque/current criterion is used. Ideally, i,,, =i,.= 

to N25 but due to variable (heavy) magnetic saturation, tech: This should be embedded in 
the FOC below base speed. 

For maximum speed constant power production, the maximum torque per available stator flux 
criterion is used when i,, =i,-L,/L,. 

The d-q current angle 6, = tan”'(i,,/i,,.) varies from large values at low speed to low values at high 
speeds. 

Indirect vector control works naturally for zero speed, with magnetic saturation and rotor resis- 
tance adaptation. In the presence of a speed sensor, it seems to be a practical control strategy for 
ISA. 

The rotor flux and torque reference calculators mitigate the driver motion expectations and energy 
management on board (with battery state as crucial). 

Still, the online computation effort is high. 

DTFC — used commercially by some manufacturers of electric drives — is also feasible for ISA. 
DTEFEC uses the rotor flux and torque reference calculators, but it calculates the required stator flux 
reference and then close-loop regulates the stator flux and torque to trigger a preset sequence in 
the PWM converter. 

Instead of vector rotation and sophisticated PWM modulation with current regulators (eventually 
with emf compensation), typical to FOC, DTFC needs a flux observer and a torque calculator 
based on measured voltage and current. 

As the speed estimation may be obtained out of the flux observer, a motion-sensorless control 
system is inherent to DTFC for ISA, where torque control is predominantly used. Only during 
cruise control, is slow speed regulation performed above a certain speed. 

Fast and safe torque response at zero speed, in motion-sensorless DTFC, was reported without 
signal injection. Operation at zero speed, sensorless, with signal injection is implicit, but injection 
has to be abandoned above a small speed, for a different strategy, to cover the rest of the large 
speed range. 
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A few design aspects of ISA require special attention to produce comparative results: 

+ Power and voltage derating due to PWM converter 

+ Design battery DC voltage 

+ Ways to decrease strayload losses 

+ Increasing the breakdown torque (by decreasing L,.) 

* Winding reconfiguration for constant power speed range extension: a 3:1 extension is 
obtained by star to delta switching; up to 12:1 total constant power speed range could be 
obtained by some motor and converter oversizing 

In principle, ISA is capable of complying with the challenging EHV requirements, except for 

the increase in current and losses at high speeds. In terms of PWM converter peak kilovolta- 

mpere (rating), the ISA performs moderately, though notably better than the surface-perma- 
nent magnet rotor brushless machine or the switched reluctance machine. 

A system optimization design, rather than the ISA design optimization, is the way to a com- 

petitive solution with ISA. 

This chapter represents a mere introduction to such a daunting task. 
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8.1 Introduction 


The permanent-magnet-assisted reluctance synchronous machine (PM-RSM), also called the interior 
permanent magnet (IPM) synchronous machine, with high magnetic saliency was proven to be compet- 
itive, price-wise (Figure 8.1) [1], and superior in terms of total losses (Figure 8.2) [2] for starter/alternator 
/@,> 3 to 4 is required. 

The cost comparisons show the PM-RSM starter alternator system, including power electronics control, 


automobile applications where a large constant power speed range @, 


max 


to be notably less expensive than the surface PM synchronous machine or switched reluctance machine 
system at the same output. It is comparable with the cost of the induction machine system. In terms of 
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HM Converter Machine | 


IM SPM IPM VRM 
FIGURE 8.1 Cost comparisons for four alternators at 6 kW and 42 Vdc. 


total machine plus power electronics losses, the PM-RSM is slightly superior even to the surface PM 
synchronous machine (Figure 8.2), and notably superior to the induction machine system, all designed 
for the same machine volume, at 30 kW [2]. 

It was also demonstrated that PM-RSM [2] is capable of a notably larger constant power speed range 
than the surface PM synchronous, or the induction, or the switched reluctance machine of the same volume. 

In essence, both the lower cost and the wide constant power speed range are explained by the combined 
action of PMs and the high magnetic saliency torque to reduce the peak current for peak torque at low 
speed and reduce flux/torque at high speeds. 

Starter/alternators for automobile applications are forced to operate at a constant power speed range 
Qynqx!@, > 3 to 4 and up to 12 to 1. The higher the interval (without notably oversizing the machine or 
the converter) constant power speed range, the better. 

This is how the PM-RSM becomes a tough competitor for electric hybrid vehicles (EHVs). The larger 
Qnax!@, is, the smaller the PM contribution to torque. 

In what follows, we will treat the main topological aspects, field distribution, and parameters by finite 
element method (FEM), lumped parameter modeling of saturated PM-RSM, core loss models, design 
issues for wide @,,,,/@, ratios, and system models for dynamics and vector flux-oriented control (FOC) 
and direct torque and flux control (DTFC) with and without position control feedback. 
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FIGURE 8.2 Loss comparisons between four starter motor-generator systems at 30 kW. 
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8.2 Topologies of PM-RSM 


The PM-RSM is, in fact, a multilayer flux barrier and PM rotor synchronous machine — an interior 
multilayer PM rotor machine, in other words. The standard IPM (interior PM machine) has only one 
PM rotor layer per pole, and the PM contribution to torque is predominant (Figure 8.3a). In PM-RSMs, 
the high magnetic saliency created by the multiple flux barriers in the rotor make reactance torque 
predominant at low speeds when highest torque is required. 

The stator core of the PM-RSM is provided with uniform slots that host a distributed (q > 2) three- 
phase winding with chorded coils. The rotor core may be built of conventional (transverse) laminations 
with stamped multiple flux barriers per pole, filled with PM layers (Figure 8.3b), or from axial laminations 
with multiple PM layers per pole (Figure 8.3c). 


y 


(a) (b) 


fpilayers 
Nonmagnetic pole 
retainer 


Axial 
lamination 
pack 
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FIGURE 8.3 Rotor for permanent-magnet-assisted reluctance synchronous machine (PM-RSM);: (a) standard inte- 
rior permanent magnet (IPM), (b) with transverse laminations, and (c) with axial laminations. 
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FIGURE 8.4 Mechanically acceptable flux barrier geometry. 


The transverse lamination rotor with multiple flux barriers requires magnetic bridges to leave the 
lamination in one piece and provide enough mechanical resilience up to maximum design speed. 

It turns out that mechanical speed limitations, due to centrifugal forces, basically, lead to magnetic 
bridges that are shorter (tangentially), while their thickness varies radially from 0.6 to 1 (1.2) mm 
minimum (Figure 8.4) [3]. The shorter flux bridges tend to result in larger magnetic permeance along 
the q axis (which is not desirable) but to larger permeance along the d axis also (which is desirable), and 
the L,,, to L,,, difference may be maintained acceptably large. Lj,,/L,,, ratios up to 10/1 may be obtained 
this way (Lj, and L,,, are the magnetization inductances). Placing the PMs on the bottom of the flux 
barriers (Figure 8.3b) has the advantage that the former are more immune to demagnetization at peak 
current (or torque). However, it has the disadvantage that the PM flux leakage is larger, so more PM 
weight is required. Moreover, when the PMs are placed on the lateral part of the flux barriers the reverse 
is true. Depending on the overload specifications and constant power speed range, the PMs may be placed 
either on the bottom or on the lateral parts of the flux barriers. 

The axially laminated rotor (Figure 8.3c) [4,5] is made of overlaid layers of axial laminations and PM 
flexible ribbons for each pole. A nonmagnetic rotor spider sustains the poles, and a nonmagnetic pole 
retains them to the spider with nonmagnetic bolts. 

There are no flux bridges between the axial lamination layers; thus, L,,, is notably smaller. Also, the 
PM flux loss (leakage) tangentially in the rotor is smaller. There are, however, three problems associated 
with the axially laminated anisotropic (ALA) rotor: 


+ The manufacturing is not standard. 

+ The mechanical rigidity is not high, so the maximum peripheral speed is limited to, perhaps, 
30 m/sec. 

+ The flux harmonics due to the open flux barriers produce flux pulsations in the rotor, and the q 
axis armature reaction space harmonics create magnetic flux perpendicular to axial lamination 
plane. Both of these phenomena produce additional losses in the rotor, as the airgap is necessarily 
low to ensure high magnetic saliency: Lju/Lgn- 


Two of three radial slits in the rotor core (laminations) and the making of the PM of three (four) 
pieces axially will reduce those losses to reasonable values [4]. Saliencies Lj,,/L,,,= 25 under saturated 
conditions were obtained with a two-pole 1.5 kW machine [4]. 

The magnetic saliency ratio L4,,/L4, tefers here only to the main flux path. The leakage inductance L,, 
when included, makes the ratio L,/L, smaller: 


d — “dm slg dm (8.1) 


© 2006 by Taylor & Francis Group, LLC 


Permanent-Magnet-Assisted Reluctance Synchronous Starter/Alternators 8-5 


Increasing the number of PM layers/pole leads to increasing the Lj,,/L,, and L4,- Lg, but, above four 
PM layers (flux barriers) per half-pole, the improvements are minimal. Two to four flux barriers, depend- 
ing on the rotor diameter and on the number of poles, seem to suffice [6]. 

Modification of the geometry of flux barriers, mainly their relative thickness, the shape of the flux 
bridges, together with the number of layers (two, three, or four), are tools to improve the Lj,,/Lom 
ratio and the 1—-;™ saliency index, and thus improve performance [7]. The higher the L,,,/L the 
larger the power factor and the constant power speed range, as the torque is proportional to the i= i 
factor. 

On the other hand, the lower the L 


(low L 


qu? 


qw the higher the short-circuit current. So, high magnetic saliency 


gn/Lam) Means large short-circuit current levels. 


8.3 Finite Element Analysis 


The complex topology of the rotor, combined with the small airgap, stator slot openings, and the 
distributed stator windings, make a finite element analysis of flux distribution in the machine a practical 
way to grasp some essential knowledge about the PM-RSM capability in terms of torque for given 
geometry and stator magnetomotive force (mmf). 


8.3.1 Flux Distribution 


Consider the geometry given in Table 8.1 [8]. The stator—rotor structure is shown in Figure 8.5a, where the 
flux lines for zero stator currents are shown. As expected, the flux lines “spring” perpendicular from the 
PMs and then spread between the flux barriers radially in the rotor [8] and then through the stator teeth. 

The PM airgap flux density distribution in Figure 8.5b shows the presence of both multiple PM layers 
and the stator slot openings. The average value is about 0.3 T, while the distribution is similar to that of 
no-load airgap flux density in induction machines. 

Then, current of given amplitude I V2 is injected in phase A with (—I 2 2) in phases B and C. This 
way, the stator mmf distribution axis falls along the phase A axis. The rotor axis d (of highest permeance) 
is then moved from the mmf axis by increasing mechanical angle. 

Admitting a certain current density and slot filling factor, the slot mmf may be found without knowing 
the number of turns per coil in the two-layer, eight-poles, three-phase winding. 

The calculation of torque, through FEM, is done for various maximum slot mmfs and angles, until 
the maximum torque reaches the target of 140 Nm as a certain power angle 6,,= = tan "(72 re (Figure 8.6a 
and Figure 8.6b). 

The flux lines for the peak torque conditions, with 6,, = 46° (electrical degrees), are shown in Figure 
8.7. The airgap flux density for the same situation, shown in Figure 8.8, evidentiates the strong influence 
of the stator mmf contribution (see Figure 8.4) on airgap flux density. The question arises as to if, in 
such conditions, the PMs are not demagnetized. The flux density “getting out” from the lowest barrier 


TABLE 8.1 Geometry of a 140 nm Peak 
Torque Permanent-Magnet-Assisted 
Reluctance Synchronous Machine (PM-RSM) 


Parameter Value 

Stator outer diameter 245.2 mm 

Rotor outer diameter 174.2 mm 

Rotor inner diameter 113 mm 

Airgap 0.4 mm 

Stack length 68 mm 

PM parameter at 20°C By, = 0.87 T 
H=0.66 kA/m 


© 2006 by Taylor & Francis Group, LLC 


8-6 Variable Speed Generators 


a 
ie \ 


i 


\ \ 
_ \ 


. 
\ 
patil 


Flux lines ... 


ere 
| MMM 1.0363e—002 |" as 
Gm 8.2894e-003 |=———~S~*™ ee 
6.2162e-003 
4.1430e-003 


3.3916e—006 
2.0766e—003 
4.1498e—003 
6.2230e—003 
8.2962e—003 
1.0369e—002 


(a) 


TOOT TTT TT ETT TT TTTT 


(i Excsadashcteten! deviviciechcibevsben\eceeceapers ceases testcaan feed cuesatecpsuruset ued 
0.16 
-0.26 
E 
~0.3 E 
~0.4 6 UNE E WW RETS FERN TOOT EN FYTREVETEE 
0 20 40 60 80 100 120 140 


FIGURE 8.5 (a) Permanent magnet (PM) flux lines (zero stator current) and (b) airgap flux density distribution. 


PM (Figure 8.3b) indicates clearly that the minimum flux density is 0.42 T and, thus, the PMs are safe 
(Figure 8.9). 

The computation of flux density distribution in the stator teeth, in the middle or at their bottom [8], 
shows that the magnetic saturation may reach 1.85 T in the teeth and 1.65 T in the back iron, in this 
particular design. The resultant airgap flux for the maximum torque depicted in Figure 8.10 is not far 
from a sinusoid waveform. 


8.3.2. The d-q Inductances 


The above analysis indicates that even for rather high electric and magnetic loadings, the airgap flux 
distribution still keeps close to a sinusoid. Consequently, the orthogonal axis (d—q) circuit model still 
leads, at least for preliminary design or control purposes, to practical results. It goes without saying that 
varying the magnetic saturation has to be considered in the d—q model. Also, through FEM, we may 
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FIGURE 8.6 (a) The finite element method (FEM) calculated torque vs. rotor position for n, I nbs = 500 (Aturns/ 
coil) in phase A, and —n, I / fo in phases B and C ( jyea= 17.66 A/mm?) and (b) power angle 6,4. 


proceed and calculate, for given stator current, d—q current load angle, 6, ie the flux linkage in phases A, 
B,C: ¥ oP. 
Based on these values, the d—q model flux linkages may be calculated: 
2a 2n 
; =i] 5, =i] 5,4 
Eeeyk, == Ye 4H id 3 Lee { a3 
(8.2) 
i, =IV2cos6,, i, =—Iv2sin6,, 


FIGURE 8.7 The flux lines for the maximum torque (140 nm). 
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FIGURE 8.8 Permanent magnet (PM) airgap flux density at peak torque. 


Now, the flux linkages Y ,, V gm are 
7 ay WY 
Pam = Lanta Lig ipt))= ; 
d 
° . (8.3) 
+ 

i=; - Po eS qm PMq 
MY lei ie Tatil) ——— 4 


Y py, 8 the flux produced by the PMs in phase A when aligned to rotor axis q, for zero stator currents. 


This ‘way it is possible to draw, via FEM, a family of curves ‘¥ an am? tam)? © am om Em ) (Figure 8.11la and 
Figure 8.11b) [9]. 
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FIGURE 8.9 Permanent magnet (PM) surface flux density at peak torque. 
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FIGURE 8.10 The airgap flux for the maximum torque. 


Figure 8.1la and Figure 8.11b show that the magnetic saturation is notable, especially in axis d, and 
though it exists, the cross-coupling magnetic saturation is not generally important [10,11] for PM-RSM. 
For extremely high electric and magnetic loadings with peak current densities of 30 A/mm’, the situation 
might change; thus, direct operation with the family of d—q flux/current curves may prove necessary, via 
curve fitting. 

However, for most cases, ‘¥ AG Py) curve suffices as Lon = const : 


Y am = Lan ig) tg P= Pan tL gty 
(8.4) 
YL Get ae 


qm qm PM ao = be + Li, 


qd 


Ya (Vs) : 

da 4 Vamlia 0) 

0.4 

oe VY am(ig, 30) 

0.2 

0.1 ¥ gm(0; ig) 

0 = 
Foi (a) Fam (28) 
—0.2 
- 0 5 10 15 20 25 30 1,(A) 


(a) (b) 


FIGURE 8.11 (a) d-q axes fluxes vs. current families and (b) corresponding L,,, and Lj,,. 
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FIGURE 8.12 Rotor poles with 5, 7 flux bridges. 


with, for example, 


2 


Lim 7 Lino BU, I) vy I) (8.5) 


Note that the q axis magnetization inductance L,,,, may depend on i, especially at small values of 
currents, as the iron bridges above the flux barriers may not be fully saturated at zero stator current. 
Also, the two-dimensional (2D) FEM analysis might not be satisfactory in predicting L,,,, or V MPq? 
especially in short core stacks when notable axial flux leakage may occur. Three-dimensional (3D) FEM 
is recommended to avoid the underestimation of L,,,.. Also noticed on 2D FEM analyzer is the variation 
(pulsation) of L,,,9 with rotor position at slot frequency. This phenomen is confirmed by tests. 


‘qmo 


8.3.3. The Cogging Torque 


The torque vs. rotor position developed at zero stator current is called the cogging torque. The presence 
of stator N, slot openings and the N, saturated flux bridges in the rotor with PMs placed in the flux 
barriers, is likely to create the variation of stored magnetic energy in the airgap with rotor position. If 
we consider N, and N, as the number of stator and rotor “poles,” then the cogging torque fundamental 


number of periods per mechanical revolution N.oeging is 


N 


cogging = Smallest common multiplier of N; and Nz 


The higher Neogging is the smaller the cogging torque. 

For q, = 2 and 4 flux barriers per pole in the rotor and 2p, = 8 poles, N, =2p,qm, =2-4-2-3=48 
and N_=2:-p,-4=32,N ‘ene which is a pretty large number. The situation is not practical with the 
same machine and six flux barriers per pole, however, when N.=N, SBN cae With seven flux 
bridges per pole, however, N, =7-8=56, and aN ais = 8-6-7 = 336, a more favorable design is obtained 
(Figure 8.12). For the example in this paragraph, the cogging torque obtained through 2D FEM is shown 
in Figure 8.13. 

The very large number of periods in the cogging torque and its rather low value (percent of peak 
torque of 140 Nm) are evident. Numerous methods to reduce cogging torque in IPM machines — with 
one PM piece and flux barrier per pole — were proposed. Using FEM to verify them is usual [1], but 
analytical approaches were also introduced [12] with good results. In essence, the single flux barrier 
radial side angle and other geometrical parameters of the latter are modified in an orderly manner (direct 
geometry optimization) to minimize cogging torque while limiting the electromagnetic field (emf) and 
main torque reductions. Generalizing such methods for multiple flux barrier rotors is more complicated 
and still to come. 

Usual methods to reduce cogging torque, such as stator fractionary windings (q = 3/2, for example) 
or stator slots skewing by up to one slot pitch are also at hand. But, avoiding the undesirable stator slots 
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FIGURE 8.13 Cogging torque vs. rotor position. 


N, rotor flux bridges (ribs), N,, combinations with the largest common multiplier are the modality to 
avoid torque pulsations (five or seven flux bridges per pole are seen here as practical solutions). 


8.3.4 Core Losses Computation by FEM 


The advanced magnetic saturation at peak torque, and small speeds, and the lower but harmonic rich 
flux density in various stator and rotor core zones at high speeds, make the computation of core losses 
a difficult task. Fundamental and space and harmonics losses are to be considered. Rotor core losses are 
not to be neglected. On top of that, PM eddy current losses at higher speeds (frequency) are also worthy 
of consideration. It seems that FEM is indispensable for such a task. In Reference [13], an FEM model 
for core losses is proposed for the single flux barrier (PM) per pole rotor. Still, the PM eddy current 
losses are not considered. The procedure could be generalized for the PM-RSM without major obstacles. 

In essence, the flux density in the various finite elements is calculated N times for a period, and its 
radial and tangential components B,, By are determined. Then, the flux density variations are divided 
by the time step At and used to determine the eddy current and hysteresis losses in the stator and in the 
rotor [13]: 


Pe ~ K ay , 


(8.6) 


where 
Yiron 18 the specific iron weight 
K cgay Kjys ate the specific eddy current and hysteresis coefficients, to be determined on the Epstein 
frame in variable frequency tests, after dividing losses with frequency (Figure 8.14) 
N is the number of AT time steps for period T 
NE is the number of value of elements 
AV, is the volume of finite element 


Ee iB, are the amplitudes of each hysteresis loop 
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FIGURE 8.14 Iron losses/weight/frequency vs. frequency by the Epstein frame. 


The first term in Equation 8.6 represents the eddy current losses, while the second is related to hysteresis 
losses. The eddy current terms may be extended to the PM body zones with minor adaptions. However, 
using three to five PM pieces in the axial direction leads to a drastic reduction of PM eddy current losses. 
Notice that this way, for given stator current amplitude, current power angle 6,,, and speed, the period 
of the current is explored for the fundamental. However, the current time harmonics also have to be 
considered. 

The amount of computation time to explore core losses for the entire spectrum of torque and speed, 
for motoring and generating, becomes large. An equivalent core resistance R,, even if slightly variable 
with frequency, may be defined: 


— = —_ + —_ (8.7) 
R. R OR 


Cc eddy hys 


R,aay Corresponds to eddy current and is constant. A frequency-dependent term (different in the stator 
than in the rotor) has to be added, together with a constant R,,,, term, to represent the hysteresis losses 
in the d-q model. The term R- acts in parallel to the total stator flux (emf) to represent the core losses: 


SOE. 8.8) 


Cc 


a? 
2 


iron 


in the d-q model. 

A typical breakdown of iron losses at two different speeds for a 2.5 Nm peak torque, four-poles IPM 
machine (with one flux barrier per pole) is shown in Figure 8.15 [13]. It should be noticed that the stator 
current produces notable rotor iron losses due to stator-mmf and slot-opening space harmonics. For 
higher speeds, as expected in starter/alternators, rotor core losses become important. Good efficiency 
correlation up to 6000 rpm (200 Hz) is claimed with this method in Reference [13]. 


8.4 The d-q Model of PM-RSM 


As inferred from FEA, in a professionally designed PM-RSM: 


+ Magnetic saturation manifests itself along the d and q axes separately, and there is more along the 
d axis. 

+ Despite magnetic saturation, the PM and total flux in stator phases with distributed windings 
varies sinusoidally in time, for sinusoidal currents and constant speed. 
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FIGURE 8.15 Calculated iron losses, via finite element method (FEM). 


+ Stator and rotor core losses may be represented through a core resistance R, that is slightly 
dependent on frequency and “acts” in parallel to the total (stator) flux produced emf: @,'¥.. 

+ The damping effect of rotor core losses is neglected. In such conditions, the d—q model can be 
applied directly to the PM-RSM. First, the core losses are neglected, for simplicity, and then they 
are added to the model for completeness. As PM-RSM is, in fact, a salient-pole synchronous 
machine, the d-q model has to be attached to the rotor reference system [4]: 


es 
V,=RI,+jo,Y + # (8.9) 
Yo=P tit, 
YW =L,0,) 1, (8.10) 
E; = Lola - eee 
3 : : 3 fax 
ee Ft) = 5 POE nag + Ey Ei My (8.11) 
do 

py ee (8.12) 
Pp dt e oa 


Equation 8.9 through Equation 8.12 are written for the motoring mode with positive currents and 
powers. For the generator mode, the torque has to be negative, and thus, i, has to change sign. Also, the 
Troaa becomes negative, as it turns into the negative driving torque of the prime mover. The active power 
is negative for generating in Equation 8.9 through Equation 8.12. 

The relationships between stator phase quantities and the d—q model variables are, as known [4], 


ae) real je 
V,=<|V,4V,e 2 +Ve > le; —*=@ (8.13) 
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FIGURE 8.16 Vector diagrams of permanent-magnet-assisted reluctance synchronous machine (PM-RSM): 
(a) motoring and (b) generating. 


The same transformation is valid for currents and flux linkages. For steady state, with sinusoidal phase 
voltages of frequency w,=@.,, 


V5, =VA Rood (,t+7,)-(-0 2 (8.14) 


Vy = V2 (cosy, —jsiny,) (8.15) 


Consequently, steady state, in rotor coordinates, corresponds to direct current (DC) voltages, currents, 
and flux linkages. So, d/dt = 0 for steady state in Equation 8.9, and do _,/dt =0 in Equation 8.12. 

The vector diagrams for motoring (i;> 0) and generating (i,;< 0) are shown in Figure 8.16a and Figure 8.16b, 
respectively, for the trigonometrical positive direction of motion. The flux vector is behind stator current 
for motoring and ahead for generating. From the vector diagrams, 


i, =I,sin(6, +@,) (8.16) 
i, =I,cos(6,, +@,) (8.17) 


It should be noted that the q axis current is demagnetizing (defluxing) the machine, while i, is the 
main torque current now. From the vector diagram, 


V, + qv, = Q, (Loot = esr ) c- Rigg + IR + o,L, Gi, iz) 
(8.18) 
Vi=/V2+V? 
s q 
V,? = (@, (Ligigg — Y pug) Rego) + (Rig + O,L,6,)4,)° (8.19) 


Again, i,,> 0 for motoring and i,)< 0 for generating and i,)> 0 for both operation modes, in general. 

For given torque T,,, stator vector voltage V,,, and speed, Equation 8.19 and Equation 8.11 provide 
the values of i; and i,. An iterative procedure is required because of the nonlinearity of the equations 
and due to magnetic saturation (L,(ijo)). 


© 2006 by Taylor & Francis Group, LLC 


Permanent-Magnet-Assisted Reluctance Synchronous Starter/Alternators 8-15 


The efficiency and power factor may now be calculated for given torque, speed, and stator voltage: 


To /p : 
n, = ot , for motoring (8.20) 


T.@,/p + Sk (ag + i) 


|T.@,/p| 
3 2 Den 
1, eae: V tao + 10 


Note that only the stator winding losses have been considered in Equation 8.20 and Equation 8.21. Finally, 
from Equation 8.16, the voltage power angle may be obtained. Alternatively, the steady-state performance 
calculation may start with given Vo, @,, 6, : 


COs, = (8.21) 


Vio = Vqy Sind, 90°)6,,)0 for motoring 
(8.22) 
Vip = Veo C086, 90%6, for generating 
Then, 
Vio O,(Ligiao Fae Rigg 
(8.23) 


Vio = o,L, CL of Rio 


With the magnetic saturation level defined (L;= constant), Equation 8.22 and Equation 8.23 yield the 
currents i,) and i,, analytically. Then the torque, efficiency, and power factor may all be computed from 
Equation 8.11 and Equation 8.20 and Equation 8.21. If the stator resistance R, is neglected, 


V_,cosd, ‘ 
aes aa 2 6,,)90° for generating (8.24) 
rd 
V_sind, +@ P 
hm sO Vv rt PMq (8.25) 
oL, 
2(%,,, +(L,-L )i_, i. |@ 
2 PM d 07°d0)~~r 
(COs, ) po = - = — (8.26) 
5 Veo tao thy 
Example 8.1 


Consider a PM-RSM with the constant parameters L;= 200 mH, L,= 60 mH, P oma =0.215 Wb 
2p, = 4 poles, rated voltage 220 V per phase. Neglecting the stator resistance, calculate the steady- 
state torque, current, and power factor vs. voltage power angle 6, for motoring at 1500 rpm and a 
stator voltage of 220 V (RMS). Increase PM flux twice, and check the performance at 6,= 60°. 


Solution 


The voltage vector amplitude V,) is (Equation 8.15): 


V, =Vv2 = 220¥2 = 310.2 V 
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TABLE 8.2 PM-—RSM Characteristics 


Voltage Power 


Angle ,(°) T,, (A) T,, (A) T,, (A) T., (nm) cos, 
0 0 20.048 20.048 0 0 
15 1.278 19.48 19.5 11.29 0.1942 
30 2.469 17.858 18.028 20.28 0.37744 
45 3.4922 15.22 15.62 24.58 0.5276 
60 4.2825 11.816 12.498 24.01 0.678 
75 4.77 7.844 9.18 18.79 0.686 


90 4.939 3.583 6.10 10.619 0.5837 


Now, we just follow Equation 8.24 through Equation 8.26 for a few values of 6,,and we obtain the results 
in Table 8.2. 

Notice that the emf (PM-induced voltage) E,. = 67.51 V, while V,) = 310.2 V. This means that the PM 
contribution is, in such conditions, rather small. As the saliency ratio L,/L, = 200/60 = 3.33 only, it is no 
wonder that the power factor does not rise above 0.686. The maximum torque is moved from the 45° 
that characterizes the purely RSM to somewhere between 45° and 60°. With a stronger (doubled) PM 
contribution, the torque is increased at 6,, = 60° from 24.01 Nm to 33.22 Nm, while the power factor is 
only slightly improved as, still, E/V = 135 V/310.2 V. 

When the speed increases further, the power factor is likely to be notably increased for constant (given) 
voltage, as E,, approaches or even surpasses V,, by, in general, at most 50% at highest admissible speed, 
to avoid voltage oversizing of pulse-width modulated (PWM) converter power switches. 

The torque vs. voltage power angle is shown in Figure 8.17, for zero losses, constant voltage, and 
speed. 


25 


20 
Ee 
Z 15 
He 
10 
Favorable 
generating 


150° 180° 210° 240° 270° 
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motoring 


FIGURE 8.17 Typical permanent-magnet-assisted reluctance synchronous machine (PM-RSM) torque vs. voltage 
power angle curve for constant voltage and speed. 
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The expression of torque vs. voltage power angle 6,, for zero stator resistance, is derived simply from 
Equation 8.24 through Equation 8.26: 


2 

T= * Vio ee sin25, +2 po M4 ging (8.27) 
a La 20, L, 

The constant voltage performance is important during motoring and generating inside the constant 
power speed range, where the PWM converter has to operate at full voltage. However, operation at 
constant voltage for a wide range of speeds encounters widely variable magnetic saturation and current 
conditions; thus, it has to be carefully watched through adequate control. Also, the current should be 
limited to the peak design value. At low speeds, the stator resistance may not be neglected. The voltage 
power angle should vary with speed to produce the required torque for minimum current up to base 
speed q, and for minimum flux Y, at high speeds. The d—q model equations may be written for transients 
as follows: 


. ad As F 
Vy= Rit 4 EG )— 0, Lt, — YF peg) (8.28) 
d : 
= Ri pt a Eg) FOL alight, (8.29) 
Also, 
d a : aL, |di, di, 
et ata) = L,(i,)+i di, es =L,(i,) 7 (8.30) 


Li) is the transient inductance along axis d, while L,(i,) is the normal (rotational) inductance. 
In general, L’, < L, for saturated core conditions, and I’, = L, under unsaturated conditions. At very 
low values of current, again, 0 < L, due to the early inflexion in the core magnetization curve. 

In case the magnetic saturation along axis q is also considered, 


d... dL, di, 7 i 
4 eat) L+i, “a, =r) At (8.31) 
Equation 8.28 through Equation 8.41 lead to the general equivalent circuits for transients shown in Figure 
8.18a for axis d and Figure 8.18b for axis q. 

The core losses resistance R, is “planted across the motion induced emf” and strictly considers the 
core loss in the stator during steady state. To account for rotor core and PM eddy current losses during 
transients or due to harmonics, a special additional circuit may be added in parallel to L'y, and Lj, terms, 
as a kind of weak damper case in the rotor (Figure 8.18a and Figure 18.8b). 

The equivalent damper winding parameters may be determined from standstill DC current decay or 
frequency tests as done for synchronous machines. For transients, R- may be neglected (R=). The 
addition of the core loss resistance R,, in the absence of the damper cages (Rp = Rg= 0, Lp) = Lg = 0), 
changes, to some extent, the equations of the d—q model to the following: 


di 
V,=Ri,t+L Cea (L,i, —-¥ (8.32) 


PMq ) 


di 
ee ae . 
V= a are +o Li, (8.33) 


q 
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FIGURE 8.18 Permanent-magnet-assisted reluctance synchronous machine (PM-RSM) equivalent circuits for tran- 
sients (a) for axis d and (b) for axis q. 


@(Li, -¥,) 
i,,=i,t+— 1 (8.34) 
R. 
o.L 1 
isi (8.35) 
Cc 
The torque is as follows: 
3 oe 
T = 5 PUP nig + Ly Ly Mog Moa (8.36) 


Again, for steady state <- 0. The core and windings losses are as follows: 


2 232 
3 Q, (Lyi, im seve) a re, | 


Ps (8.37) 
2 R. 
Pak (z+) (8.38) 
copper D: S\od q 7 
The efficiency 7 and power factor cos @, become 
B25! : 
5 Vig + Vida ans = Tipe = ae 
n=2 : (8.39) 
a alae Mahe 
(Vi,+Vi) 

cose, = ll (8.40) 


2 2 22 2. 
IV, aN, . (i, +i2] 
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Jo 


FIGURE 8.19 Control power angles to assess constant voltage (or constant current) and speed performance. 


Pe. are the mechanical losses. Additional losses are lumped either into the copper or into core losses. 
The complete model is to be used for realistic performance computation of PM-RSM. 

Once accepting this, we run into the difficulty of accounting for magnetic saturation functions L,(i,) 
and L,(i,) based on which L,'(ig), L4'(i,) may be calculated. 

For steady state, only the L(i,) and L,(i,) functions are needed, and a simple iterative computation 
procedure may be developed to eeitact the performance for given current i,,, @, for various values of 
the current power angle 6; = tan” re g/I,3 or for given voltage V.) and @, for various values of the voltage 
power angle oy, =tan™ as WV, (6, =6y, as defined previously in this paragraph; Figure 8.19). 


8.5 Steady-State Operation at No Load and Symmetric 
Short-Circuit 


8.5.1 Generator No-Load 


Generator no-load operation (i,= i,)= 0) at steady state, Equation 8.32 through Equation 8.35, becomes 
as follows: 


: @ (Li), —P pia) 
= SS a a (8.41) 
Cc 
oLi 
ioe (8.42) 
R, 
So, 
Yo oO: “Ro 
_ PMq_“r <0; i, >0 (8.43) 


je ed 
0d 2 
OR? +Q, Ld, 


Vis =O, (Lying —F (8.44) 


a) 


Vi =OLi (8.45) 


qoo rd 0d 


when R= (zero iron losses), V “100 = SOV is Vg =0, and ing = iq =0, as expected. 
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8.5.2 Symmetrical Short-Circuit 


For steady-state symmetrical short-circuit V, = V_=0, and thus, 


o(Li -¥,) 
_ ” r\~q 0q PMq ” 
0 sé ;: | 0(L ii, one) (8.46) 
Cc 
oOLi 
0= ale ta Olt, (8.47 
Cc 
ol, i, —Y 
: ” r -0q 0q PMq 
Vise = "oa (8.48 
R. 
oLi 
- = do wer d 0d (8.49 
R. 


Especially at high speeds (frequencies), the core losses are notable and may not be neglected. The torque 
at symmetrical steady-state short-circuit may still be calculated by using Equation 8.36. With 74 and i 0, 
easy to extract from Equation 8.46 and Equation 8.47, i,,. and i,,, are straightforwardly obtained from 
Equation 8.48 and Equation 8.49. Equation 8.46 and Equation 8.47 may be written in the following form: 


e R, 4 R, 
Rien, Z fs =-0%,[ > | (8.50) 
C Cc 
a 
OL, a hat Ray, =9 (8.51) 
Cc 
Solving for ij, and i,q in Equation 8.50 is again straightforward. The electromagnetic power tex? ig 


transformed into losses of copper and iron. When these losses are neglected (R, =0, R= oo), 


= YP omq fs 


q 


So, the ideal short-circuit current is proportional to the PM flux linkage ‘¥p,,, and inversely propor- 
tional to L, (L,< L,). The higher the ‘¥p,,, and the lower L, (higher saliency L,/L,), the higher the short- 
circuit current. In most wide constant power speed range design, 


Wo xl (8.52) 


PMq q_ srated 


For ideal no-load motoring — zero electromagnetic torque — and zero mechanical losses, from Equation 
8.36, 1,, = 0, and from Equation 8.32 and Equation 8.33 at steady state (4 =0), 


@(Li -¥,) 
i=-— (8.53) 
R. 
R 
Vi= R. 0, (Lit, Bee) (Lit, YF ova) 
VER tei, (8.54) 
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The three expressions in Equation 8.54 serve to calculate first i,, and then V, and V,, and finally, with 
Equation 8.53, i, and iyo. 


Example 8.2 


For the PM-RSM in Example 8.1, calculate the no-load generator voltage V,, at 3000 rpm and the 
short-circuit symmetric current at the same speed for zero losses in the machine. 


Solution 


For the generator under no load, the terminal voltage V,)) (Equation 8.44) is as follows: 


3000 x 2 
= OP ovig =20 i x 0.215 =135 V (peak voltage per phase) 


Vi 00 = E. 


For the same speed, the ideal symmetrical short-circuit i,,.= i,.; (Equation 8.51) is as follows: 


¥ 0.215 
i_,=—“t = ——— = 3.5833 A 
°  T  0.06 


With zero losses, the short-circuit torque is zero. 


8.6 Design Aspects for Wide Speed Range Constant Power 
Operation 


In automotive applications, a wide speed range constant power operation is required. Speed 
range (@, /@,) up to 10 (12) would be desirable mostly for generating, but also for motoring, in the 
same cases. The typical torque/speed and voltage/speed envelopes are given in Figure 8.20. 

The base speed @, is defined as the maximum speed for which the peak (starting) torque is produced 
at maximum converter voltage V,,,,, under the condition of maximum torque/current criterion. With 
wide speed range for constant power (F > 2 to 2.5), oversizing of either the PM-RSM or of the PWM 
converter or of both is required. 


Bees 
Vemax T, P, 


Power and 


0.8 voltage 


0.6 


0.4 


0.2 


Speed (P.U.) 


FIGURE 8.20 Torque, power, and voltage vs. speed. 
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In general, machine oversizing (overrating) is measured in over-torque, while converter oversizing is 
expressed in current oversizing at the maximum ideal converter line natural peak voltage fundamental, 
Vomaw given for all designs: 


SI 


V, =Vinwe =—Vi, (8.55) 
1 


To investigate the oversizing aspects, a normalization system provides the required degree of generality. 
The base electrical quantities are as follows: 


* V, is the maximum machine voltage 

+ I, is the maximum machine phase current I, 

* @, is the base speed that corresponds to the speed at which the machine first reaches V, at I, for 
maximum torque/current criterion 


+ T, is the base torque that i produced at I, for maximum torque/current criterion 
» W, is the base flux: ¥, = 


o, 


To simplify the analysis, let us neglect losses in the machine at steady state. From Equation 8.9 through 
Equation 8.12, 


Vio = j0,¥ ,, 
PY =Li +j(L Hoe Sr) 

2 Wras (8.56) 
I= i, +4, 


6) 
T, = 5 PY yg +(Ly Ly), 


Let us neglect magnetic saturation variation and consider L;= constant. The maximum torque for given 
current I, is explored i in what follows. 
The condition © ~=0 for given stator current I,, yields the following: 
di, 


22. : 2 
21-1), +4 pg (LL My = 0 (8.57 


oe +8(L,-L,)°, 


Ty = (8.58 
4 A(L, =1) 
= 2: 2 
Ty = 4, - ly (8.59 
Finally, 
L= Poe +(L, Liga (8.60) 


Also, the (T,/I,) function may be maximized when the maximum Newton meter per ampere of current 
is obtained. 

Note that when magnetic saturation is considered, the above solution does not hold true. [ qb tends to 
be higher than in Equation 8.58. It should be noticed that the rated torque T,, would correspond to V, 
and I, and the unity power factor: 


T=? yr et, (8.61) 
(a) 
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The base and rated torque are different in this normalization, as the power factor of the machine is 
not unity in general. So, T,/T,, < 1. The base speed @, for given V, and T, (ig, and i,,) has to be calculated 
from Equation 8.56: 


V, 
oi; (8.62) 
(Gla? +h ly? 


2 
‘d” db big? 


For the maximum speed at constant power @ 


max 


and V,, the machine is to reach the condition of 
maximum torque per given flux ‘P 


smin* 


V, V, ca 
Y === (8.63) 
mm @., OF  F 
So, 
2 2 
win =f Laie) + Ei, —Y ong) (8.64) 


In general, magnetic saturation is negligible at maximum speed, so finally, 


St JE, OLA aL EY yt URL ao na (8.65) 


nee q 


2 
(Ej aL JE ng 
(3L,-4L LY ng , 
| +8(L,—E,)E? | (Ly - LP n+ EP ne | 
Che += Lae (8.66) 
| ( do ? q 


Knowing Oyao Vip» that is, Ponins the (te) amas (i) omax Pair is obtained. Then, the corresponding torque is 


calculated. Finally, the stator current maximum speed @,,,,(I,) is obtained. If (T,)* @,,../p 2 P, and (I) OnaxS 


hnax 
I, then the machine is capable of handling the respective constant speed power range from @, tO Oyjq,3 
if not, oversizing is required. A complete discussion on machine and inverter oversizing for wide F range 
is given in Reference [14]. So far, we did not mention any design constraint for wide constant power 
speed range. Reference [15] contains such a thorough first analysis. The main conclusion is that the best 
designs, if not otherwise constrained, for wide constant power speed range, are obtained if the ideal no- 


load motoring (zero torque) speed @, is infinite: 


max? 


(0,), 027 (8.67) 
Li, ~ Fa 
So, 
Yo_g= LL (8.68) 


In per unit (P.U.), it means that Yomg = I. In other words, the flux in the machine at zero torque should 
be zero. As part of L, is the leakage inductance, no apparent danger of PM demagnetization occurs from 
this mathematical cancellation. 

It was proven [14] that ‘Yp,,, (P-U.) and the L,/L, ratio remain the independent parameters in the 
above-presented normalization system. Typical maximum ideal power (zero losses) vs. speed for L,/L,= 
and three different Vp, (P-U.) and ‘Yp,,,/L, ratios are shown in Figure 8.21 [14]. 
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FIGURE 8.21 Maximum power vs. speed for three permanent-magnet-assisted reluctance synchronous machines 


(PM-RSMs). 


The maximum power is obtained at maximum (I,) current up to base speed @, and at I, current values 
(or smaller) above @, for base voltage V,,. Figure 8.21 contains fairly general results that warrant the following 


remarks: 


* For ‘Ppy,/L,= 1 (P.U.), the P.U. power increases steadily toward unity at infinite speed. 
* For ‘Ypy,/L,= 1, at base speed, the power in P.U. is less than the base power. 
* For Pox, large and Vpx;,/L, > 1, the power peaks quickly and drops rapidly with speed but is large 


at base speed. 


* Even designs with small ‘V,,,, and, thus, ‘Yp,,,/L,< 1 are poor for wide speed ranges, as the level 
of constant power that can be maintained is smaller. 
* A near optimal design for F = @,,,,/@= 10/1 should depart somewhat from the Yp,,,/L, = 1 
condition to yield more torque at base speed (Figure 8.22) for a higher constant power level [14]. 


Norm. output power & torque, P,,, T;,(p.u.) 
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FIGURE 8.22 Near-optimal design for constant power range. 
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FIGURE 8.23 Oversizing of machine (¢ 


over. 


) and of inverter (i 


a) * 


* For F= 10, @,,;, and Q,,,, are left to float; and thus, @,,,i, > @, allows for more power at minimum 
speed. At @,,;, > @, the inverter already works at maximum voltage. This leads to machine 
oversizing. The machine oversizing is defined in torque terms (Figure 8.22): 


T, 
=| 77} fx 100% (8.69) 


1 


over 


The inverter current oversizing 1,,,, is as follows: 


over 


Il 


=o x 100% (8.70) 


1 
over 


For the design in Figure 8.22, for F= 10 f,,,,= 20%, ijye,= 11%. A complete illustration of f,,,, and I,,., 
for Lj/L, = 5, Vpy,_/L, = 1.12 is shown in Figure 8.23 [14]. 

Smaller inverter oversizing and a larger machine oversizing are preferred when system cost is para- 
mount. Machine volume constraints under the vehicle hood might reduce the advantage of such a choice. 
A higher speed machine with a transmission might do it in such a case. Though instrumental in securing 
wide constant power speed range, choosing @,,;,, > @, leads to a design that reaches full voltage in the 
midst of its constant torque range. It implies saturation of the current regulators and, thus, impedes on 
torque control. In contrast, choosing @,,;,/@,< 1, it means that Pow. > (P1) mine Lhis time, the inverter 
oversizing is i, = (Hage Dx 100%. The machine is now fully utilized (t,,,,= 0), and the current 
regulators will not saturate. The price to pay for full machine utilization is a higher inverter overrating 
(Go, = (= —1) x 100% = 40% in Figure 8.24). FOr yrin< Oy igyer > 40% for F = 10, in all designs. For lower 


values of F, i,,,, may be lower than 40%. 


There are few essential constraints that limit the rather large constant power speed range of PM-RSM. 
The most important are as follows: 


* emf at maximum speed 
* Uncontrolled generation elimination 
+ Limiting the short-circuit current (torque) 
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‘over 


The emf at maximum speed E,,,,, is as follows: 


‘smax 


@ 
eee (8.71) 


In general, €,,,, < 150% to avoid voltage overrating of the converter. This constraint may become severe 
for F = Oyqx/@, = 10, aS Vpyq = 0.15 (P.U.), which is a small value. High saliency ratio L,/L,> 5 would 
save such a design, eventually. 

The symmetrical ideal short-circuit current i,., (Equation 8.51) is as follows: 


= (8.72) 


In close to optimal designs, however, Pom! lq = 1, and thus, the symmetrical short-circuit current 
becomes equal to the base (peak torque) current I,. Unfortunately, in asymmetrical short-circuits, the 
current is notably larger than i,.,;= I, The three-phase fault may occur unintentionally by gating all 
inverter switches or through DC bus short-circuit, when all six freewheeling diodes are conducting. 
Asymmetrical short-circuit through the failure of a single inverter switch in a closed position behaves 
as single-phase short-circuit at the machine terminals. Much higher currents than for symmetrical 
short-circuit occur within 6 msec in two of the three phases that also exhibit DC components. High 
pulsating torque values are expected, as in any synchronous machine. As a protective means from these 
high transients, the unfaulted phases may be opened or the machine may be driven into symmetrical 
short-circuit, when the overcurrents are acceptable (i,.;= 1, for ¥py,/L,= 1). A pertinent analysis of 
this problem is presented in Reference [16]. Finally, uncontrolled generator (UCG) operation may 
occur at high speeds when gating is removed from all the power switches. The machine acts as a 
generator with uncontrolled rectifier output. The problem is that due to L,/L,» 1, the machine 
continues to generate power even when the speed decreases in UCG below the speed that corresponds 
to @,Ppv,= V; It was shown [17] that, in order to avoid UCG, the following condition is to be 
met: Oy <Q®uycG: 
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TABLE 8.2 Typical Specifications of a Starter/Alternator (ISA) for Cars 


Parameter Value 


Starting torque at crankshaft (with or without a gear toISA) 140 nm 


Electric generating power: at crankshaft at 0.6 krpm 2-4 kW 
Electric generating power: at crankshaft at 6 krpm 3-6 kW 
Maximum starting current density 20-50 A/mm? 
Maximum generating current density 10-20 A/mm? 
Nominal bus voltage 42V,. 
System efficiency at full load and 1500 rpm 75% 
Minimum rotor burst speed 10-18 krpm 
Maximum electromagnetic field (emf) at 6 krpm 24 V,,, (rms) 
With 
a i = 
F=—UG—2 l (8.73) 
O, YP ough a/L,) 


For our previous close to optimal design ‘Ppy,,= 0.29, Ly/L,= 5, F = @ycg/@,= 2.75. 

Only by adopting much smaller values of Y,.,, and a higher saliency ratio may a larger constant power 
speed range be produced, at the cost of high inverter oversizing. The maximum emf constraint, for the 
case in point, fulfilling ‘Y,,,,= 0.15 (P.U.) for F = 10, fails to produce an L,/L, ratio (even a very large 
one) in Equation 8.73. Only for ‘Yp,;,= 0-1 for F= 10, does Lj/L,= 2 produce a solution to Equation 8.73. 
Unfortunately, this is so small that the machine torque density is unacceptable. It seems that elimination 
of UCG in large constant power speed range design (F > 2.75), with PM-RSM, is difficult to achieve 
unless the PM flux is very small and saliency is very high. But then, all the merits of PM-RSM are 
diminished drastically as the machine turns into an RSM. 

UCG operation has to be handled by some other protective means, as the constraint 0,,,,. < @ycq for 
its elimination does not look practical for industrial designs. As shown in this paragraph, though the 
PM-RSM seems capable of producing 10:1 constant power speed range with small machine oversizing 
and 40% converter oversizing, it fails to comply with 150% maximum speed emf conditions and especially 
fails to avoid UCG at high speeds. Designing PM-RSM for a 4:1 constant power speed range and making 
use of a star to delta winding switching, as done for the induction machine seems to be the way to go. 
Machine oversizing and converter oversizing and the total system losses are about 30 to 40% less than 
for an induction starter alternator designed for the same values. Magnetic saturation reduces the saliency 
ratio L,/L, with all the consequences that follow [18]. Typical specifications for integrated starter alter- 
nators (ISA) for cars are shown in Table 8.2. 

Offset coupling of ISA to the crankshaft may be preferred. With a 3:1 gear (belt) ratio, the PM-RSM, 
with an overall slightly expensive design, may be obtained with unlimited emf, as the peak current is 
lower in the 2:1 ratio. Consequently, the converter voltage oversizing is compensated for by the current 
undersizing [19]. Tripling the speed for geared PM-RSM, however, may impose more severe mechanical 
constraints on the design. 


8.7. Power Electronics for PM-RSM for Automotive 
Applications 


As the PM-RSM in automotive applications undergoes cyclic energy exchanges with a battery, a PWM, 
voltage source inverter capable of bidirectional power flow is required (Figure 8.25). The capacitor filter 
helps reduce the current transients in the battery during PWM converter switching sequences. The power 
switches have to be metal-oxide semiconductor field-effect transistors (MOSFETs) in 42 V,, battery 
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FIGURE 8.25 Typical pulse-width modulator (PWM) converter for permanent-magnet-assisted reluctance synchro- 
nous machine (PM-RSM). 


systems with voltage boost via an optional DC—DC converter (Figure 8.25). Introducing the DC-DC 
converter for voltage boost allows for design of the PM-RSM and the PWM converter for higher voltage, 
low current ratings. Also, the DC voltage Vj, is made variable and the PWM converter may work 
extensively in the six-pulse mode when the commutation losses are reduced and the maximum modu- 
lation index is increased by 5% in comparison with standard PWM techniques (without overmodulation). 

There are additional losses in the DC—DC converter. However, the possibility of using insulated gate 
bipolar transistor (IGBTs) in the higher-voltage PWM inverter leads to cost reductions in comparison 
with MOSFETs, but there are the additional costs of the DC—DC converter that have to be added. 

The large battery voltage variations of +20% or more may be absorbed by the DC-DC converter, 
allowing for designing the PWM inverter at least at maximum battery voltage, Vimax: 

The typical kVA,,¢ of the PWM three-phase inverter to deliver given active power is as follows: 


V3 


KVA. - Mina max (8.74) 
where 
Tax 18 the peak phase current value 
Vnax 18 the peak line voltage value 
The inverter component size A,,,, is defined through the [ji.,= Ina, ANd Vin? 
Aiy = 6V im dim (8.75) 
In general, Vi nae < Vain: When a DC-DC converter is present, a safe value of V,,,,, for 600 V IGBTs would 


be Vix = Wi, = 400 Vj. with V’,.4.= Vimin= 125 Vj, when the DC converter is missing. 


For a 42 V,, system, MOSFETs are to be used, and again, if a DC-DC converter is present, V”,,,.. = 3 


Vimine (Vimin is the minimum battery voltage.) The ratio between the inverter size and delivered mechanical 
power in motoring is as follows [2]: 


max 


A. 6V, I. Vv, KVA 
inv. __ dim dim _ 4 3 dim_, ref 8.76 
P, P, 2 V nas P, 
The DC-DC converter size is defined as follows: 
=2V, I (8.77) 
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FIGURE 8.26 H-bridge direct current (DC)—DC boost bidirectional converter with transformer and inductance (T+ L). 


where I,,,,., is the maximum battery current. 
Adapting a total (system) efficiency 1,,, yields the following: 
A ; 
‘dc—dc _ 2 dmin (8.78) 
ss Not Vi min 


The ratio between the inverter plus DC-DC converter to “inverter-only” size is 


Aya tAim — V, 1 P 


dc-dc bmin n 
some t+ . (8.79) 
Ain Visas 2 V3n,, KVA, 


The ratio P,/kVA,,, varies between 0.25 and 0.6, while (1/2V3n,,) is roughly 0.25 + 0.35. 
For 1/2\3n,,, = 0.34 and P,/KVA,,;= 0.25, the second term in Equation 8.78 is 0.2; thus, even at Vimnin/ Vinax < 
0.8, the total size of the DC-DC PWM converter will be lower than that of the PWM inverter at lower 
voltage, acting alone, and so will be the costs if the additional power switch control devices costs are small. 

Even if the V.= Vina, (maximum battery voltage), it seems worth adding the DC-DC converter in 
terms of initial silicon costs. The DC-DC boost converter includes inductances for energy storage and 
voltage boost, but the size of the capacitive filter in front of the PWM inverter is reduced [2] and so is 
the current ripple in the battery. A typical H-bridge DC-DC boost converter with inductance and 
transformer is shown in Figure 8.26 [2]. 

Another key issue is the total loss in power electronics. Converter losses are made of conduction and 
switching losses. For an IGBT inverter leg (two switches), 


AV, 
(Pond ee 7 LAC Oe + I 


a i) 
(8.80) 


rated 


(Py dug =Bu¥ nc 


avg 


The switching losses per lag in the PWM inverter for six-pulse mode (hexagonal, voltage 5% overmod- 
ulation) are as follows [2]: 


_sin|9| Ms 
sw6 pulse 2 swPWM ? | Q > 6 


2-3 cos|@| 1 
P. pulse = 2 Pew? | 9 Ik 6 


The power factor angle @ influences the commutation losses, as known. Typical values of the above 
coefficients for IGBTs are V;=0.9 V (IGBT voltage drop), AV,= 1.1 V (diode voltage drop), and B,,,= 0.042. 

It was demonstrated that total losses in the power electronics with boost DC—DC converters, for 30 kW, 
Vomin= 125 Vy. (V,= 180 Va.)s Vinax= 400 V [2], are smaller than those of the PWM inverter connected 


max 


(8.81) 
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directly to the battery terminals. And, again, the PM-RSM is better in terms of total losses — machine 
plus power electronics — than all the other solutions for uphill or flat-terrain driving. In addition, the 
KVA,., of a PM-assisted RSM converter is smaller, and thus, the cost of power electronics is smaller. 


8.8 Control of PM-RSM for EHV 


Essentially, as for induction starter/alternators (Chapter 7), the control of PM-RSM in EHVs does torque 
control from zero speed and has to operate with a large constant power speed range. It has to accommodate 
the driver’s motion expectations while observing the best possible energy transfer to and from the battery. 
And, all this in starter (motoring) generating — for regenerative breaking and for battery recharge — and 
again in motoring the air conditioner or other auxiliaries during frequent engine idle stops. 

As for the induction machine, FOC or direct torque and flux control (DTFC) are both feasible 
strategies. Also the control system may use motion feedback (a position sensor) or may be motion 
sensorless (without motion feedback). 

The control system has to operate safely and nonhesitantly in torque control — for motoring — from 
zero speed. So, in contrast to the induction machine, the initial rotor position has to be estimated first, 
in motion sensorless control. Typical control schemes for FOC and DTFC with motion (position) 
feedback are shown in Figure 8.27 and Figure 8.28 and, respectively, in Figure 8.29 and Figure 8.30. 

As explained earlier, in EHV applications, torque control prevails, and thus, even for generating, the 
reference torque (negative) is to be used. The operation modes are as follows: 


+ Starting (motoring) 

+ Regenerative braking (generating) 

* Battery slow recharging (generation) 
* Motoring during engine idle stop 


The battery state characterized here by the battery voltage only (but more complex in general) has to 
be considered in limiting the reference torque. Also, the speed will set limits on the available torque, as 
the inverter output voltage is limited. The torque limitation with speed may be done many ways, but 
from maximum torque per current (up to base speed) to maximum torque/stator flux at maximum 
speed, the current d—q angle may be varied as planned off-line (Figure 8.28). Only the motoring is treated 
in Figure 8.28 for ij, ij calculators. 

Expressions similar to those in Figure 8.28 may be derived for generating, but for (eventually) more 


flux in the machine (for given torque). The voltage decoupling is required to secure better control at 


Voattery Reference : 
currents id*, iq* *_ ys yr 
Reference iq Vz = Vq cos@,,— Vz sin®,, 
calculators, 
torque 


imi * 21 Pes 

calculation limiters and Vie = Va cole 2 i: Vy in (. = 
; synchronous 

operation 


a regulators, ¥ « ; 
plus voltage Ve =—|Va+ Ve 
decoupling 


aa voltage 


source 


, 


Position sensor 
(or estimated) 


Speed sensor 
(or estimated) 


Low-pass 
filters 


FIGURE 8.27 Indirect current voltage vector control with synchronous current regulators. 
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FIGURE 8.28 Reference currents ij, i; calculator and synchronous regulators with voltage decoupling. 


high speeds, where the synchronous current regulators have less room for adequate control due to the 
influence of motion-induced voltage. 

The presence of an absolute position sensor encoder provides for safe start from any initial position 
and allows for speed calculation down to less than 1 rpm through adequate digital filtering. The precal- 
culation of optimum current angle 6; as a function of speed (eventually even of reference torque) by 
gradually advancing it with speed, based on maximum torque/flux condition, simplifies the control 
notably, as the current amplitude i* and d—q angle 6; are found unequivocally once the reference torque 
and the actual speed are known. 

A DTEC system for PM-RSM with position feedback is shown in Figure 8.29. Provided the stator flux 
and torque estimates are fast, robust, and precise and work from zero to maximum speed, DTFC provides 
for more robust control with about the same computation effort. The absence of reference online 
calculators of 13, i; and of the two vector rotators in DTFC is somewhat compensated for by the 


q 
occurrence of the stator flux and torque estimator. 


Voattery 


Reference 


torque 
2 Table 


of 
optional 
switching 
(see Chapter 7) converter 


source 


Stator flux 
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FIGURE 8.29 Direct torque and flux control (DTFC) of permanent-magnet-assisted reluctance synchronous 
machine (PM-RSM) with position feedback. 
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FIGURE 8.30 Combined voltage-current model observers for stator flux and torque. 


Stator flux estimation, with position feedback, is straightforward, though many schemes may, in principle, 
be applied, from model-reference adaptive-system (MRAS) to Kalman filters and so forth. A combined 
voltage-current model state observer is shown in Figure 8.30. In essence, the voltage model is corrected through 
the current estimator’s error: 


¥.=[(V.-RI +V,,_ Jat 


Vou=[ Kis) 


The magnetic saturation influence in axis d is considered. The design of the PI controller is done such 
that at low speeds, the current model acts practically alone. Typical values of K, and K, are K,= 22 to 
33 rad/sec, K;= 40 to 90 (rad/sec)?. 

Inverter nonlinearities occur at very low speed, but as the current model is dominant, they do not 
have a very important influence. 


(8.82) 


8.9 State Observers without Signal Injection for Motion 
Sensorless Control 


In the absence of position feedback, in indirect FOC schemes, only the rotor position 6,, and speed @, have 
to be estimated [4]. They have to be used, however, two times for vector rotation and once in the voltage 
decoupler (@,). The problem is that large errors, due to slow observer response or low immunity to machine 
parameter detuning, may notably influence the field orientation, and the fast, precise, torque control is lost. 

In contrast, for DIFC schemes, rotor position is not required in the control, but speed @,, the stator 
flux ‘¥,, and torque T, have to be estimated. The stator flux estimator, in general, requires the estimated 
rotor position. However, its influence is notable only at low speeds, when the current model is predom- 
inant (Figure 8.30). A straightforward way to calculate the rotor position for the flux observer purposes 
would be as follows (Figure 8.31a and Figure 8.31b): 

6. = by, +6,,. for motoring 

; (8.83) 
0, =0,,—O,, —7, for generating 
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(a) (b) 


FIGURE 8.31 Rotor position 6,, in relation to 6,, and 6,,: (a) generating and (b) motoring. 


Y= sind, (8.84) 


‘Ys (8.85) 


The stator flux and torque observer in Figure 8.30 may be augmented with Equation 8.83 through 
Equation 8.85 to include the rotor position 6,, calculator. Equation 8.85 may be simplified, as dy, is, in 
general, a small angle (below 30° in most cases), and cos dy, = 1: 


(8.86) 


This way, the online computation effort is reduced drastically. Such a position estimator 6,, (calculator) 
is acceptable for DTFC schemes, as 6,, appears only in the flux observer. This is not so for FOC schemes, 
where 9,, is crucial for field orientation. 

Still, the speed has to be estimated. Again, as precise speed control is not needed, the estimated speed 
is used for adjusting the reference flux Y,* and reference torque T,". At low speeds, this information is 
not important, as ‘¥.* generally remains constant. To a first approximation, then, the steady-state speed 
estimation may be adopted. That is, the stator flux vector speed is used instead of Qo, : 


Wy (KY (k-1)-¥,, (OP (k-1) 


ap! Ol 
(We, (k) + 5K) 


A 


Ys 


ae (8.87) 


sample 


After low-pass filtration, such a signal should be enough for torque and flux references. So, for 
sensorless DTFC of PM-RSM, with torque (not speed) control at zero speed, the flux and torque 
estimators need rotor position and speed calculators that are fast but not so accurate. 

The question remains if such a fundamental excitation (no signal injection) state observer can provide 
nonhesitant start and fast torque control at zero speed. At least for the induction machines, it did. Many 
other state observers for FOC or DTFC of IPM synchronous machines without signal injection were 
proposed. Luenberger, MRAS, and Kalman filter observers all use the stator voltage vector equation 
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(voltage model) and the current model, and the flux current relationship in d—q rotor coordinates. Sliding 
mode such observers were proven to yield good stator flux rotor position and speed estimation down to 
very low speeds (a few rpm) [20]. However, robust fast torque sensorless control of PM-RSM at zero 
speed, without signal injection, is still due to be proven by tests. And, this is so due to the need to estimate 
first, at zero speed, the initial rotor position. This is how the signal injection state observers for PM-RSM 
come into play. 


8.10 Signal Injection Rotor Position Observers 


Signal injection state observers are based on machine magnetic saliency tracking. Back-emf methods do 
not use signal injection but cannot work at very low speeds, or at zero speed. These methods are used 
to detect rotor position, and then, from the latter, the rotor speed is estimated through adequate filtering. 
Saliency tracking by signal injection works well from zero speed, but it limits available DC link voltage 
at high speeds. A combination of the saliency tracking — to 10% maximum speed — and back-emf 
tracking above 10% of maximum speed was recently proven experimentally as being very good from 0 
to 5000 rpm in 70 kW IPM synchronous machine control [21] with +100% torque and 150 msec ramp 
control at 100 rpm and at 5000 rpm. 

Saliency tracking methods are used to estimate absolute rotor position. A voltage (current) signal at 
a carrier frequency @, above 500 Hz is injected in rotor d—q coordinates in the FOC. The response in 
current is used to track the spatial saliency and thus the rotor position. The injected signals (in voltage) 
are of the following form: 


Ve =V_ cos@.t—jV,sin@.t (8.88) 
The machine response in current, separated through adequate filtering, is as follows: 
is = is sin@,t—I cos(h@, — @,t)— ee cos@,t—I sin(hO, —@,t)) (8.89) 


I, and I, are positive and negative sequence carrier currents, while h is the order of the saliency spatial 
harmonic; 9,, is the rotor position. Only the negative sequence current contains the rotor position 
information. Also, in general, only one spatial harmonic (h) is considered. The negative sequence current 
is processed through heterodyning to produce a signal that is proportional to the rotor position error. 
This A@,, (error) signal is then used as input to a Luenberger observer that produces parameter-insensitive 
zero lag position and speed estimates [22-24]. 

For the back-emf methods, used for high speeds, the method in Section 8.9 is typical. The basic 
structure of such a hybrid sensorless FOC, with saliency plus back-emf position and speed tracking, is 
shown in Figure 8.32 [21]. The switching from low-speed position estimation to high-speed position 
estimation is done when the two have the same output, around 10 to 15% of maximum speed, to leave 
room for full voltage utilization by the voltage source inverter. Position estimation results at 100 rpm 
and at 5000 rpm, for a 70 kW IPM-SM, obtained with the above combined control method, is shown 
in Figure 8.33 and Figure 8.34 [21]. 

Torque ranging of +100% is experienced with apparently flowless position estimation. Still, for safe 
torque control at zero speed, the initial rotor position is required. This is not directly possible with the 
above method. 


8.11 Initial and Low Speed Rotor Position Tracking 


A simple way to detect initial rotor position is to use three proximity Hall sensors placed in the axes of 
the three phases, to detect the PM flux position. The resolution of such a coarse position tracker is only 
180/3 = 60° (electrical). For DTFC, such an error may be acceptable, as the method still indicates correctly 


© 2006 by Taylor & Francis Group, LLC 


Permanent-Magnet-Assisted Reluctance Synchronous Starter/Alternators 8-35 


Voattery 


Synchronous 
current 


regulators, 
LL? voltage 
dotq 


v* : source 
inverter 


references and 
limiters 
considering 
flux weakening 


Back emf 
rotor position 
tracking 


High frequency 
injection method 
(for low speed) 


FIGURE 8.32 Sensorless flux-oriented control (FOC) of permanent-magnet-assisted reluctance synchronous 
machine (PM-RSM) with signal injection plus back electromagnetic force (emf) rotor position estimation. 


the first voltage vector in the table of optimal switchings to be triggered in the inverter. For FOC, better 
precision is required to secure safe smooth torque for starting. The additional wiring for the Hall sensors 
may lead to failure. Pulse signal [25] or sinusoidal carrier signal [23-29] methods were proposed in the 
last decade for initial position tracking in IPM-SMs. 

The slight magnetic saturation due to the PM “North Pole” presence is used to find the PM polarity 
and, thus, settle for the actual rotor initial position (Figure 8.35). Consequently, magnetic saturation 


FIGURE 8.33 Dynamic performance of injection at 100 rpm. (Adapted from M. Patel, T. O'Meara, J. Nagashinia, 
and R.D. Lorenz, Encoderless IPM drive system for EH-HEV propulsion applications, Record of EPE-2001, Graz, 
Austria, 2001.) 
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FIGURE 8.34 Comparison of actual and estimated rotor position at 5000 rpm in six-step mode under full load 
condition using BEMF method. (Adapted from M. Patel, T. O'Meara, J. Nagashinia, and R.D. Lorenz, Encoderless 
IPM drive system for EH-HEV propulsion applications, Record of EPE-2001, Graz, Austria, 2001.) 


has to be considered in the PM-RSM model. The voltage model vector equation of PM-RSM is as 
follows: 


aT eee 
Vi = Rit = +jo,¥, (8.90) 
Se re ge (8.91) 


Magnetic saturation is considered separately for the two axes: 


ae ae 2 3: 2 
i,+ ji, = Rha t Raji t+R,4; +J1R,)(A, - Ania) * RA, - dong) ] (8.92) 
d d 
_~ Phase a ! _7 Phase a 
Om © 
<--4-1 poaaaaatf f--- + ---F {f======5 eh pai 
@® ® 
\ I 
I I 
\ I 
(a) Demagnetization (b) Magnetization 


FIGURE 8.35 Magnetic saturation in the q axis of a permanent-magnet-assisted reluctance synchronous machine 
(PM-RSM). 
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FIGURE 8.36 Measured carrier current spectrum. 


Only two terms were retained in axis q, as the magnetic saturation here is less important, as demon- 
strated earlier in this chapter. Along axis d, magnetic saturation is heavy for the large starting torque. 
The magnetic saturation functions are mere qualitative, used to discriminate the machine current 
response waveform when a sinusoidal voltage signal injection is applied. A sinusoidal voltage injection 
method is illustrated in what follows [30]. 

The injected signal Vo, in stator coordinates is as follows: 


a jo;t 
Vi, =Ve (8.93) 
In rotor coordinates, 
¢ aqze a8 
Vi = Vise (8.94) 
Neglecting the resistive voltage drop, 
=|, ‘at (8.95) 


Then, making use of Equation 8.92, the injected currents in stator coordinates are as follows: 


- = ife ) TF j-o,t+26, ZF j(20,t-O,,+9)5) 7 i(-2o,t+30. 
Palen Ue) eh POL ae rae hegre ae (8.96) 


The first and second time harmonic components are illustrated in Equation 8.96. Only the last three 
terms contain rotor position information at the second, first, and, respectively, third spatial harmonic. 
The measured carrier current spectrum at standstill in stator coordinates (Equation 8.96) is shown in 
Figure 8.36 [30]. The negative sequence first time harmonic (second-space harmonic) current — the 
second term in Equation 8.96 — contains the largest signal and seems to be most appropriate for initial 
position detection. 

In Reference [30], the [,,, and [,,. terms in Equation 8.96 are used to estimate the position 
error 0, —@., after frame transformations from stationary to @, and 2@, reference frame speeds, and 
after taking their dot product: 


Toe = F028 491n), 28 JB9e, +92) 

line, a ent” id 1436, = Toe (8.97) 
Ts a pte of 2% = I(Be,*9in Pon) 

lie, ~ L428, 1136, is Ll 2e (8.98) 
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FIGURE 8.37 Fundamental rotor position and speed tracking observer. 


A first method to extract the rotor position error from Equation 8.98 is by the vector cross-product 
with its unit vector: 


e€=UL, XTi =sin(O,,-9,) (8.99) 


No magnet polarity detection is required [30]. The block diagram of the initial position tracking observer, 
based on this principle, is shown in Figure 8.37. Experimental results in Reference [30] show remarkable 
initial position tracking precision at 60°, 120°, 240°, and 300° (electrical), with a convergence time of 
25 msec, for f.= 500 Hz (Figure 8.38). Even faster convergence (10 msec) is reported for a derivative 
method with additional magnet polarity compensation (Figure 8.38). 
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FIGURE 8.38 Estimated initial electrical rotor position. 
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As the above method can be applied as it is at small speeds also, it may be used successfully in 
combination with the back-emf method for FOC (Figure 8.32 to cover the entire speed range from 
standstill). The same procedure may be used in DTFC to detect @,, for the use in the flux observer only 
(Figure 8.30). 


8.12 Summary 


A high magnetic saliency (L,/L, > 3) RSM with multilayer interior PMs per rotor poles in axis q 
is called PM-assisted RSM or PM-RSM. It may also be called a special interior PM synchronous 
machine. 

The reluctance torque is predominant in comparison with the PM interaction torque, for peak 
value. 

Even low remnant flux density PMs (B, < 0.8 T) and, thus, lower-cost PMs may be used. 

In automotive applications, typical specifications ask for high start torque up to base speed @,, 
and then a wide constant power speed range F= @,,,,/@, > 4/1 is required. 

The unique combination of reluctance and PM interaction torque makes the PM-RSM particularly 
suitable for a wide constant power speed range both in terms of system costs and losses. 

Typical rotor topologies contain two to four (five) flux barriers per half pole, which contains 
parallelepiped-shaped moderate (low)-cost PMs. The rotor core is made of conventional lamina- 
tions. The saliency ratio L;,,/L,,,~ 3 to 10, but it greatly varies with magnetic saturation level. 
Each flux barrier ends toward airgap with a flux bridge. The bridge thickness varies between 0.5 
to 1.5 mm. The smaller the bridge, the better, in terms of rotor saliency L;,,/L,,. but, alternatively, 
the flux bridge thickness and length are limited by the mechanical stress allowed before rotor 
deformation at maximum speed and torque occurred. 

The total saliency is L,/L, = 3 to 7 for PM-RSM below 100 kW (peak torque below 400 Nm) when 
two to four flux barriers per half-pole are used. The stator windings leakage inductance reduces 
L,/L, to values smaller than Lj,,/Lgn- 

FEM direct geometrical optimization of the rotor pole structure may lead to a uniform distribution 
of PM flux density in the airgap, that is, to a rather sinusoidal emf for a distributed stator winding 
with q = 2,3 slots per pole and phase. 

Also, a prime number of flux bridges per pole of five or seven, leads to low cogging torque and 
pulsating torque with sinusoidal currents, even without stator (rotor) skewing. 

Even for heavy saturation levels, the airgap resultant flux linkage per phase is sinusoidal if magnetic 
saturation is uniform in the stator and rotor teeth and yokes. 

FEM analysis brings out the fact that magnetic saturation moves the maximum torque for given 
(high) current toward smaller i, and larger i,. 

The sinusoidal airgap flux per phase under load allows for full usage of d-q models of PM-RSM 
for parameter, steady-state, transient, and control performance estimation. 

If FEM analysis shows that magnetic saturation in axis q (where the PMs are located) is almost 
negligible, while it is important in axis d, especially for high torque operation; cross-coupling 
magnetic saturation may, thus, be neglected in many practical cases. Saturation in axis d is 
accounted for by a nonlinear i,(‘¥,) function. 

Core losses in the PM-RSM occur both in the stator and the rotor. Only space harmonics in the 
airgap total flux distribution produce rotor core losses under steady state. Stator current time 
harmonics produce core losses both in the stator and the rotor. Both space and time harmonics 
of the airgap field produce eddy currents in the PMs on the rotor, especially at high speeds. 
From FEM static field analysis, the core losses may be calculated. An equivalent, slightly frequency- 
dependent, core resistance Ry is defined for use in the d—q model. 

The d-q model flux linkages ‘V, = L,(ig)ig, Vy = Ljig- Vom, lead to a resultant torque that is 
proportional to i, When torque changes sign (from motoring to generating), it is 7, rather than 
i, that changes sign. 
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* The PMs in axis q produce a flux that opposes L,i,; 
occurs. The current i, should not change polarity. 

* The PMs in axis q contribute to additional torque for less ‘7, flux and, thus, to high power factor 
in the machine. 

* Generator no-load with nonzero core losses makes the d—q output current i= i= 0 but the interior 
Currents iggs iy, # 0. 

+ With zero current losses (R-= ¢e), all d-q currents in the d—q model at no load are zero, and Vijy)= 
O,V png ANA Vio = 0. 

+ The symmetrical steady-state short-circuit current when R,# 0, R-# c has two components i,,-, 
and i,,,, and a corresponding torque. With zero losses, the ideal symmetrical short-circuit current 
153 = Uy = VP pql Lg 

* In most wide constant power speed range designs, Voxq= Llsrateq and, thus, symmetrical short- 
circuit is acceptable. 

* Unsymmetrical short-circuit leads to larger than i,. currents with DC components that have to be 
treated, eventually, through quick, intentional, triggering of all power switches in the inverter to 
degenerate in symmetrical short-circuit. This way, the inverter is protected. 

+ The design of PM-RSM for a wide speed range has to compromise machine (torque) and inverter 

(current) oversizing f,,.5 i. After smart normalization, only ‘Yp,,, and Lj/L, in P.U. remain as 
independent variables. In essence, design close to 'Vpy,/L, ~ 1 in (P.U.) leads to wide constant 
power speed range. 

+ With respect to base speed , (full torque at full voltage for maximum torque per current), the 

minimum speed @,,,,, may be chosen either above or under it. For given constant power speed 

range F, choosing a Q,,,,/@, > 1 smaller machine and some inverter oversizing are required, but 
the emf at maximum speed limitation at 150% rules out such a situation with designs for Ppyjq/ 

L, = 1 P.U. Also, the full voltage at @,< @,,;, may lead to current regulation saturation. For @,,i4/ 

@,< 1, full machine utilization is reached, but inverter current oversizing is larger. 

Uncontrolled generation (UCG) occurs even when the speed decreases to Wyo, below that for 

which @,¥pyq< V, and the PWM inverter power switches are turned off and diodes act alone. To 

avoid UCG, the maximum speed @,,,,, should be lower than @ycg: 


max 


that is, a demagnetizing armature reaction 


+ It turns out that, for F > 4, only for very small ¥ PMg values and low L,/L, ratios, UCG may be 
eliminated. Essentially, to avoid an unpractical design, UCG has to be eliminated through control 
(protection) means. 

* For EHVs, the PM-RSM starter/alternator is connected to the battery through a PWM inverter. 
As the battery voltage varies with 425%, it turns out that a voltage booster, through a DC-DC 
converter, may be beneficial. Even if the voltage booster acts from Vymnin tO Vimax Of battery, the 
total ratings and silicon costs of a DC-DC converter plus PWM inverter are smaller than those 
for the inverter alone at V,,,;,- Moreover, the total system losses in the machine plus converters 
are smaller with a DC voltage booster. 

+ In EHVs, torque, rather than speed, control is required both for motoring and generating. 

* FOC and DTFC strategies are feasible. 

+ The control may be performed with or without a position encoder. 

* The control has to produce first reference d—q currents ij, i, vs. torque and speed functions for 

motoring and generating in FOC, or reference flux vs. speed and torque for DTFC. 

Varying the d—q current angle with speed from maximum torque per current criterion, below base 

speed, to maximum torque per flux criterion, at maximum speed, seems a good way for FOC. 
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For DTFC, a flux and torque observer is required. 

The position feedback is used two times for vector rotation in FOC, while only in the flux observer 
for DTFC. For motion-sensorless control, position observers, capable of working from zero speed, 
are required. 

Initial position estimation is required with FOC, for safe starting. 

Signal injection rotor position observers were proven capable of safe zero and low speed good 
performance. In combination with back-emf rotor motion observers, the whole speed range is 
covered for FOC [31, 32]. 

For DTFC, as only torque control at zero speed is required, even a rotor position and flux observer 
without signal injection may be adequate for the whole speed range, with initial position estimation. 
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9.1 Introduction 


Switched reluctance generators (SRGs) are double-saliency electric machines with nonoverlapping stator 
multiphase windings and with passive rotors. They may also be assimilated with stepper motors with 
position-controlled pulsed currents. Multiphase configurations are required for smooth power delivery 
and eventual self-starting and motoring, if the application requires it. 

SRGs were investigated mainly for variable speed operation as starter/generators on hybrid electric 
vehicles, as power generators, on aircraft and for wind energy conversion. They may also be considered 
for super-high-speed gas turbine generators from kilowatt to megawatt (MW) power range per unit. 

As SRGs lack permanent magnets (PMs) or rotor windings, they are low cost, easy to manufacture, 
and can operate at high speeds and in high-temperature environments. 


9-1 
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In vehicular applications, an SRG is required to perform over a wide speed range to comply with the 
internal combustion engine (ICE) that drives it. For wind energy conversion, limited speed range is 
needed to extract additional wind energy at lower mechanical stress in the system. 

Aware of the very rich literature on SRMs [1, 2], we will treat in this chapter the following aspects 
deemed as representative: 


+ Practical topologies and principles of operation 

* Characteristics for performance evaluation 

* Design for wide constant power range 

* Converters for SRG motor (M) 

* Control of SRG as starter/generator with and without motion sensors 


The existence of a handful of companies that fabricate and dispatch SRMs [3] and vigorous recent 
proposals of SRGs as starters/alternators for automobiles and aircraft (up to 250 kW per unit) seem 
sufficient reason to pursue the SRG study within a separate chapter such as this one. 


9.2 Practical Topologies and Principles of Operation 


A primitive single-phase SRG(M) configuration with two stator and two rotor poles is shown in Figure 9.1a 
and Figure 9. 1b. It illustrates the principle of reluctance machine, where torque is produced through magnetic 
anisotropy. The stored magnetic energy (W,) or coenergy (W.) varies with rotor position to produce torque: 


aW (3,0) aW (V0 ) 
T= c r = c us 9.1 
Sead ie Gar on 
i i=cons ig W=cons 
i i 
W. = J Ydis W. = J id (9.2) 
0 0 
L(®,) 
(inductance) 


(t ) 
(a) ai \_ Ideal 
YY I 


FIGURE 9.1 Primitive switched reluctance generator (SRG) (M) with (a) two stator and rotor poles and (b) ideal 
waveforms. 
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In the absence of magnetic saturation, 
W=L(0)-i (9.3) 


and thus, 
1 2 
W,=W,= 510.) (9.4) 


If, further on, we suppose that the phase inductance varies linearly with rotor position, from its maximum 
to its minimum value, for constant current pulse, the torque is constant over the active rotor position 
range: 


i? = const (9.5) 


As c > 0 for motoring, and c < 0 for generating, it is evident that the polarity of the current is not relevant 
for torque production. It is also clear that, because there are N, poles per rotor, there will be N, energy 
cycles for motoring or generating per mechanical revolution per phase. 

For single-phase configurations, large pulsations in torque are inevitable, and, as a motor, self-starting 
from any rotor position is impossible without additional topology changes (a stator parking PM or rotor 
pole asymmetric airgap). 

Actual current pulses (Figure 9.1b) may be made to rectangular shape at low speeds through adequate 
direct current (DC) output voltage chopping. At high speeds, single pulse operation is inevitable because 
the electromagnetic field (emf) surpasses the input voltage (Figure 9.1b). 

While the instantaneous torque may be calculated from Equation 9.1, the average torque per phase 
may be determined from the total energy per cycle W,,,,.. multiplied by the number of cycles for revolution, 
m - N, and divided by 27 radians: 


mec? 


-W 
Netee = = _ 5 m phases (9.6) 


(T 


ave 


The energy per cycle emerges from the family of flux/current/position ‘Y(i, 0,) curves (Figure 9.2). 
As visible in Figure 9.2, magnetic saturation plays an important role in average torque production. 


I 
| Aligned 


Unsaturated 
(larger airgap) 


FIGURE 9.2 Magnetization curves. 
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The energy conversion ratio (ECR) is as follows: 
Ws 
ECR =———™—_ > 0.5 (9.7) 


For a SRG with the same maximum flux and peak current but larger airgap, when unsaturated, the ECR 
is around 0.5. For smaller airgap and saturated SRGs, it is larger (Figure 9.2). 

SRGs require notably smaller airgaps than PM machines to reach magnetic saturation at small currents. 
The same small airgap, however, leads to notable vibration and noise problems, due to large local radial 
forces. 

Three- and four-phase configurations have become commercial for SRM drives due to their self- 
starting capability from any rotor position and torque (power) pulsation reduction opportunities through 
adequate current/position profiling. The basic 6/4, 8/6 three-phase and, respectively, four-phase topolo- 
gies are shown in Figure 9.3a and Figure 9.3b. 

Ideal phase inductances vs. rotor position for the three- and four-phase machines are shown, respec- 
tively, in Figure 9.4a and Figure 9.4b. It should be noticed that with the three-phase machines, only one 
phase produces positive (or negative) torque at a time (dL/d0, # 0), while two phases are active at all 
times in the four-phase machine. Low torque pulsations through adequate current waveform control 
with phase torque sharing are, thus, more feasible with four phases. To increase the frequency of the 
pulsations, the number of rotor and stator poles should be increased. 

However, the energy conversion tends to deteriorate above a certain number of poles, for given rotor 
(stator) outer diameter, due to flux fringing and increased rotor core losses. In general, three or four 
phases are used, but the number of stator and rotor poles may be increased so as to have more such units 
per stator periphery: 


NIN, = 6/4, 12/8, 18/12, 24/16 ... 
(9.8) 
NIN, = 8/6, 16/12, 24/18,..., 32/24 


An even number of stator sections (pole pairs) is appropriate when dual-output (two-channel) SRG 
operation is required. 

To reduce the interaction flux between the two sections, the sequence of phase pole polarities along 
the rotor periphery (for a three-phase 12/8 pole combination) should be N N S S and not NSN S 


FIGURE 9.3 (a) Three- and (b) four-phase switched reluctance generators (SRGs) motors (Ms) with 6/4 and 8/6 
stator/rotor pole combinations. 
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Ideal current 
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lel 
a 


1) = L¢(Opq + 135°) 


(b) 


FIGURE 9.4 Ideal phase inductance/position dependence for the (a) three-phase and (b) four-phase switched 
reluctance generators (SRGs) motors (Ms). 


standard sequence. However, in this case, the flux in the rotor and stator yokes of the two channels adds 
up, and thus, thicker yokes are required. The standard sequence per phase N S N S is less expensive, 
though more interference between channels is expected. 

Returning to the principle of operation, we should note that for motoring, each phase should be 
connected when the phase inductance is minimal and constant, because, in this case, the emf is zero at 
any speed, and thus, the phase voltage equation reduces to the following: 


di 
V,=Ri+L — 9.9 
dc u dt ( ) 
Neglecting the phase resistance voltage drop, the flux accumulated in the phase, ‘V, at constant speed n 
(rpsec) is 


i 0 
ve |i fat= |v dt=V, (9.10) 
" dt , * 27n 
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Here, 6, is the mechanical dwell (conduction) angle of the phase when one voltage pulse is applied. The 
maximum (ideal) value of @,, is 77/N,. 
In most designs, the value of the maximum flux Y,,,,, is used to calculate the base speed of the SRG: 


VO 
2an, = (9.11) 
Oy is in mechanical radians. This is, in fact, equivalent to the ideal standard condition that the emf equals 
phase voltage for constant current and zero phase resistance. 
The single voltage pulse operation, characteristic of high speeds, is illustrated in Figure 9.5a through 
Figure 9.5d (upper part). The low-speed operation appears in the lower part of Figure 9.5a (current 


Above base 


| 
Vdc | 8on 6, 


|Generator, 
i) 


Below base 
speed 


U! 


min max 1 


I! 


(b) (d) 


FIGURE 9.5 High-speed single voltage pulse and low-speed pulse-width modulator (PWM) voltage pulse operation: 
(a) waveforms, (b) phase converter, (c) single pulse energy cycle, and (d) energy cycle with PWM. 
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chopping). While current chopping is typical for motoring below base speed, generating is performed, 
in general, above base speed in the single voltage pulse mode. In special cases, to reduce regenerative 
braking torque, a pulse-width modulator (PWM) may also be used for the generator mode. 

To vary the generator output, only the angles 6,,,and 0. may be varied, in general. The turn-on angle 
6,,, may be advanced at high speeds, both for motoring and generating, to produce more torque (or power). 
The negative voltage pulses refer to the so-called hard switching, where both controlled power switches 
T, and T, (Figure 9.5b) are turned off at the same time, and the free-wheeling diodes become active. 

The energy cycle is traveled from A to B for motoring and from B to A for generating (Figure 9.5c). 
The PWMs of voltage effects are shown in Figure 9.5d. 

Increasing the energy cycle area W,,,. means increasing the torque. This is possible by adding a 
diametrical DC-fed coil to move the energy cycle to the right in Figure 9.5d. In essence, the machine is 
no longer totally defluxed after each energy cycle. Alternatively, the continuous current control in a phase 
would lead to similar results, though at the price of additional losses. 

Besides torque density and losses, which refer essentially to machine size and goodness, the kilowatt 
to peak kilovoltampere (kW/peak kVA) ratio defines the ratings of the static converter needed to control 
the SRG(M). 


9.2.1 The kW/Peak kVA Ratio 
It was shown [1] that the kW/peak kVA ratio for SRG(M) is as follows: 


a.-N -Q 
kW/peak kVA = ae = (9.12) 
1 


where @, = 0.4 to 0.5 is the stator pole ratio and Q is as follows: 


en g 
Ce ara (9.13) 


C,, is the ratio between the active dwell angle 0,,,, and the stator pole span angle f, - C,, = 1 only at zero 
speed, and then it decreases with speed and reaches values of 0.6 to 0.7 at base speed. 


For the generator mode, 


0 
Cc, =| 1-—" 9.14) 
a 


where 6,,,, is the angle from phase turnoff (after magnetization), when active power delivery starts. Again, 
C,= 0.6 to 0.7 should be considered acceptable. 
The coefficient C, [1] is as follows: 


A,-1 i EE 
= 3; A,=—+=4-10; o=—=0.25-04 (9.15) 
> 2,071 L : 


where 
LI’ is the aligned unsaturated inductance per phase 
L_ is the unaligned inductance 
L’ is the aligned saturated inductance 


The peak power S of the switches in the SRG(M) converter is as follows: 


$=2-m,-V,-1 (9.16) 


dc ~ peak 
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For an inverter-fed IM (or alternating current [AC] machine), 


3-V Teak XP-P. _ 3xP.F. 


de 


TK-6V Ly 16K 


kW/peak kVA = (9.17) 


where K is the ratio between peak current waveform value and its fundamental peak value. For the six- 
pulse mode of the PWM converter K = 1.1 to 1.15. PF. is the power factor for the fundamental. 


Example 9.1 


Consider a 6/4 three-phase SRG(M) with o = 0.3, A, = LIL, = 8, C, = 0.8, a, = 0.45, and calculate 
the kW/peak kVA ratio. Compare it with an induction machine (IM) drive with PF =0.81 and K= 1.12. 
From Equation 9.15, 


= At = 8-1 
-2,0-1 8-0.3-1 


0.5 


The value of Q comes from Equation 9.13: 


ax¢,{2 &)-08{2 *8 asa 
8 Cs 5 


Finally, from Equation 9.12, 


_ 0.45-4-1.472 


(kW/peak kVA) ..4 = a = 0.1055 
For the IM drive (Equation 9.17), 
3-0.85 
kW/peak kVA). = ————— = 0.1208 
eee do 6-7 -1.12 


For equal active power and efficiency, the IM requires from the converter about 10 to 15% less peak 
kVA rating. 


When the cost of the converter per SRG cost is large, larger system costs with the SRG(M) are 
expected. 


Note that the kW/peak kVA as defined in this example is not equivalent to PF, but it is a key design 
factor when the converter rating and costs are considered. 


An equivalent PF. for SRG(M) may be defined as follows [4]: 


output shaft power 


(BE) a3: = 5 : 
input r.m.s. volt"ampere 


For given power, this PE varies with speed, and for the very best designs in Reference [4], it is 
above 0.7 and up to 0.86. 


However, it is the peak value of current, not its RMS value, that determines the converter kVA rating. 


From this point of view, AC drives seem slightly superior to SRG(M)s. 
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9.3. SRG(M) Modeling 


It was proven through detailed finite element method (FEM) analysis that the interaction between phases 
in standard SRG is minimal. Consequently, the effects of various phases may be superposed: 


BY oa (6,51 


) 
= ; a,b,c,d 
Lae = Raye dt (9.18) 


A four-phase SRG(M) is considered here. 

Only the family of flux/current/position curves for one phase is required, as periodicity with 7/N, 
exists. The ‘¥(0,,i) curves may be obtained from experiments or through calculation via analytical 
methods or FEM. The torque per phase (Equation 9.1 and Equation 9.2) becomes 


re) iabed , 


i di (9.19) 


e,a,b,c,d = 00 0 a,b,c,d (6; ae) ayb,c,d 
r 


The total torque is 


iE = »y re (9.20) 
a,b,c,d 
The motion equations are 
dn dé 
2n—=T-T 3 "=27n 9.21 
i dt e load dt ( ) 


The phase i voltage Equation 9.18 may be written as follows: 


ee OW, di, " ov, 00. (9.22) 
SRA : 
8" Oi ot 00. Ot 
The transient inductance L,, is defined as 
ov, dL,(0 i.) Y. 
L.=+=L(0,1,)+i— +; L=— 9.23 
tt Oi if r i) i di, 1 i, ( ) 
The last term in Equation 9.22 represents a pseudo-emf E;: 
ow. : 
E,= 3 K,(6.,i,)-2an (9.24) 


r 


E; is positive for motoring and negative for generating. V; is considered positive and equal to V;. when 
the DC source is connected through the active power switches to the SRG, it is zero when only one switch 
is turned off (soft commutation), and it is (—V,,) when both active power switches are turned off (hard 
commutation). 

In a well-designed SRG(M), the ‘¥(6,i) family of curves shows notable nonlinearity (Figure 9.2). 
Consequently, both the transient inductance L, and the emf coefficient K; are dependent on rotor position 
and on current [5]. 
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25 Rotor position 6, 
(degrees) 


FIGURE 9.6 Electromagnetic force (emf) coefficient vs. rotor position for various currents. 


Typical emf coefficients K,, calculated through FEM, are shown qualitatively in Figure 9.6. It should 
be noted that K,, for constant current, is notably variable with rotor position; it is positive for motoring 
and negative for generating. 

The voltage equation suggests an equivalent circuit with variable parameters (Figure 9.7a and Figure 9.7b). 
The source voltage V, is considered positive during phase energization and negative or zero during phase 
de-energization. 

It should be emphasized that the emf E is, in fact, a pseudo-emf (when the machine is magnetically 
saturated), as it contains a small part related to stored magnetic energy. Consequently, the instantaneous 
electromagnetic torque has to be calculated only from the coenergy (Equation 9.17), for a magnetically 
saturated machine [6]. 

Iron loss occurs in both the stator and the rotor, and this loss is due to current vs. time variation and 
to motion at rectangular current in the phases [2]. So, in the equivalent circuit, we should “hang” core 
resistances R,,,, and R,, in parallel to the transient inductance voltage and around the pseudo-emf (Figure 9.7). 
R,,, and R,, reflect the core loss presence in the model. 


9.4 The Flux/Current/Position Curves 


For refined design attempts and for digital system simulations of SRG for transient and control, the 
nonlinear flux/current/position family of curves has to be put in some analytical, easy-to-handle form. 
Even simpler expressions are required for control implementation. 

Through FEM calculations, the family of such curves is obtained first, and then curve fitting is applied. 
The problem is that it is not enough to curve-fit ‘¥(6,,7), but to determine also i(‘¥,0,) and, eventually, 
6.C¥,i7). Polynomial or exponential functionals, fuzzy logic, artificial neural network (ANN) or other 
methods of curve fitting were proposed for this function [2]. 
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FIGURE 9.7 The equivalent circuit: (a) for motoring and (b) for generating. 
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FIGURE 9.8 Piecewise linear approximations of the magnetization curves. 


Examples of exponential approximations are as follows [7]: 


with 
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From Equation 9.27, the inverse function i,(‘V;,0,) is as follows: 


1. 
J 


v 


s 


1 
In 
joe] 


YY, is the saturated value of the flux for the aligned position. 
The coenergy (Equation 9.17) with Equation 9.27 becomes 


w,=| ¥,di,=| w eg =e 
g o ji 9 = j 


So, the instantaneous torque per phase is 
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or 


~(0f,/08,) . 
T.= u ers Fa ae as) (9.32) 


ej a sat j 
j 


For control design purpose, even a piecewise linear approximation of magnetization curves may be 
acceptable, as test results confirm that, in practical designs, the magnetic saturation curve corner occurs 
at about the same current, independent of rotor position (Figure 9.8). This, in fact, implies that right 
after some stator/rotor pole overlapping, local saturation is achieved, and thus, the flux varies almost 
linearly with rotor position. 


Consequently, 
K(@- 
¥=i[ 6, 22 for iSi 
jij ou iB, 
(9.33) 
K(@-0 
W =i Pea aaa for i2i 
J jou B. s 


The only variables to be found from the family of magnetization curves are i, and K,. The angle 0 
corresponds to the rotor position where the rotor poles start overlapping the stator poles of the respective 
phase. While this simple approximation is tempting, because the continuity of flux at i, is maintained, 
the continuity of the d/di at i, is not preserved. However, 0'V/d@_ is continuous at i = i,. Knowing only 
the positions of A, B, and C on the graph in Figure 9.8 leads to unique values of K,, i, and L,,. It suffices to 
calculate only the fully aligned and unaligned position magnetization curves for this approximation. A 
thorough analytical model, with FEM verifications, is developed in Reference [8]. 


9.5 Design Issues 


The comprehensive design of SRG(M)s is complex. A few basic issues are listed here: 


+ Motor and generator specifications 

+ Number of stator phases m and stator and rotor poles N,, N, 

+ Stator bore diameter D,, and stack length /,,,. calculation 

* Computation of stator and rotor pole and yoke geometry 

* Number of turns per coil, conductor gauge, and connections 

+ Loss computation model 

+ Thermal model and temperature vs. speed for specific duty-cycle operation modes 
+ Magnetization curve family and curve fitting for the design of the control system 
+ Peak and rated current, torque, and losses vs. speed 


Some of the above subjects will be detailed in what follows. 


9.5.1 Motor and Generator Specifications 


The design specifications are tied to the application. For a generator-only application (wind generator, 
auxiliary power generator on aircraft, etc.), the motoring mode is excluded from start, while the DC 
output voltage power bus may be as follows: 


+ Independent, with passive and active loads 
+ With a battery backup 


The DC voltage may be constant for stand-alone operation but variable when, say, connected to a grid 
through an additional PWM inverter interface. For wind generation, a +30% variation of speed around 
base speed is sufficient for most practical situations. 
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FIGURE 9.9 Typical torque and power vs. speed requirements for starter generators: (a) motoring and (b) generating. 


Also, for the backup battery load case, the voltage varies from a minimum to a maximum value 
V,.=V,,(1+(0.2—0.25)). The battery backup operation stabilizes the control requirements on the 
generator. 

For automotive starter/generators both motoring and generating are mandatory. The constant power 
speed range for motoring is generally larger than 3—4 to 1, but for generating (at lower power), much 
larger values are welcome, and a 10:1 ratio is not unusual (Figure 9.9). 

The design DC voltage V,,, is very important when calculating the number of turns per winding and, 
consequently, the peak current for peak torque. A boost DC-DC converter might be added to raise the 
voltage to the battery maximum voltage and to reduce the peak machine and PWM converter current. 


9.5.2. Number of Phases, Stator and Rotor Poles: m, N,, N, 


The fundamental frequency in each phase f, is as follows: 
f,=nxN_; n—speedin rps (9.34) 
The number of strokes per second f, is 
f,=m-f,; m—number of phases (9.35) 
The number of stator poles per phase is a multiple of two (pole pairs): 
N,=m-2K; K— integer (9.36) 
The number of stator and rotor poles are generally related by 
N,-N, =2K (9.37) 


though other combinations are feasible. 
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Due to the increased complexity and costs in the PWM converter, only three- and four-phase SRG(M)s 
are considered practical for most applications above 1 kW power per unit. 

Increasing the number of poles N,, for given outer stator diameter and stack length, leads to a reduction 
in the stator and rotor yoke thickness, without leading to higher torque to the same extent. 

The frequency f, increases and so does f,, which determines the core losses that tend to increase. 

On the other hand, the noise level tends to decrease notably as the radial force of the active phase is 
distributed around the rotor periphery more evenly. 

It was established that, in general, the stator and rotor pole heights h 


po Mp, per pole spans, b,,, b 
should be as follows: 


> “ps “pr? 


hh, 
= i. ~=(0.7-0.8) (9.38) 


Ps pr 


Also, the pole span per airgap g should be 


bob 
Ps (17-20) (9.39) 
= 


to yield enough high ratios between aligned and unaligned maximum inductance (L;/L, ~ 3-8) to guar- 
antee acceptably high average torque (W,,,,.)- 

The airgap should be as small as mechanically feasible, that is, for acceptable vibration deflection and 
noise levels. 

The maximum frequency f, is also related to the switching capacity of the PWM converter, as the 


commutation converter losses (Chapter 8) increase with frequency. 


9.5.3 Stator Bore Diameter D;, and Stack Length 


Though SRG(M)s operate at variable speed, the Epson’s coefficient heritage may be used to calculate the 
stator bore diameter D,, assuming first that A = | stack/b,, and the number of stator poles N, are given. 


1s? 


Alternatively, the shear rotor stress f, may be imposed: 


f= (1+10)N/cm? 


L nD. (9.40) 
A= 4 =0.5-2.0; b ~—+# 
b ON. 


ps 


The design tangential peak shear rotor stress may increase with stator bore diameter. Once the peak 
torque T,, is given through the specifications, the stator bore diameter D,, is as follows: 


4-N.-T. 
D,= 3) * (9.41) 
1s 1 é gh 


Observing Equation 9.38 and Equation 9.39, we still need to size the stator and rotor yokes to complete 
the stator geometry. In general, h,, h,, > b,,/2, as half the stator pole flux flows through the yokes. The 
peak torque is needed for motoring at low speeds, when the current is kept constant through chopping. 
Consequently, the energy cycle area is full. Making use of FEM or of an analytical model, the unaligned 
and aligned position flux curves are obtained. ®,,,, is the flux per stator pole for active phase, and W_I. 
is the corresponding coil magnetomotive force (mmf; Figure 9.10). The maximum flux per pole is related 


to the saturation flux density and the pole area, plus the leakage flux (by K)): 


=B_-b 


pmax sat ~ ps — stack 


(1+K,) (9.42) 
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FIGURE 9.10 Extreme position magnetization curves. 


With B,,, = 1.6 to 2 Ty dys lack 


the average peak torque: 


known already, and K, = 0.1 to 0.2, the area W? 


mec 


in Figure 9.10 leads to 


We ‘m-N, x2K — Wee ‘N, ‘N, 
20 20 


T= 


ek 


(9.43) 


with 2K equal to the number of stator poles per phase. As T., is fixed by specifications, the value of B,,, 
may be increased gradually until W,,,,. is high enough to satisfy Equation 9.43, for a certain Wonax 
The window area available for a coil Ay, is as follows: 


_| # 2 2 
Ay, * E(, +2h,,)* — D2 )—N,-b,, “ly, } 2N, (9.44) 


For a window filling Kj, = 0.5 to 0.6, typical for preformed coils, the maximum current density jcomax 
is obtained: 


> WL esnax 
Iepgae= ce oe (9.45) 


We>~ fill 


Depending on the application, joomax May vary from 8-10 A/mm? to 30-40 A/mm? for most strained 
automotive starter/generators with forced cooling. If jcoma, is out of this range, the design is restarted 
with a lower shear rotor stress f,. 


9.5.4 The Number of Turns per Coil W, for Motoring 


The 2K coils per phase may be connected many ways to form from 1 to 2K current paths in unity steps 
a= 1,2,.... The number of turns in series per current path W, is related to the total number of turns 
per phase by the following: 


W.-N /m 
We= c Ss 


a 


(9.46) 
a 


The machine is designed so that the ideal emf E 


av 


for constant current and full angle conduction, 


6, =0.-0, = si (9.47) 


© 2006 by Taylor & Francis Group, LLC 


9-16 Variable Speed Generators 


at base speed n, (rpsec), be a given fraction @,,, of the DC design voltage V,, (Equation 9.11): 


20 -n 20-n 
fa) ° BE ed ai = fA) ” We W, = App Mg =E,, (9.48) 


From this expression, with a es already calculated from Figure 9.10 and @, from Equation 9.47 and 
assigned values of n, and @,,, the number of turns W, per current path is obtained. Subsequently, from 
Equation 9.46, the number of turns per coil W, is calculated, and, with W_I.,,,, known from Figure 9.10 
for peak torque (Equation 9.43), the maximum coil current I,,,, is as follows: 


‘een os (9.49) 

The coefficient a,,, = E,,/V,, at base speed is a measure of the machine power factor, as in AC machines. 
The @,,, best practical values gravitate around unity. When a large constant power speed range is 
required, o,,, <1, but then the number of turns W, is smaller. Consequently, the peak current is larger, 
and inverter oversizing is required. In contrast, with a pros the constant power speed range decreases, 
but W, increases. 

It seems wise to start with a, = 1 and then investigate the performance for small departures from 
this situation, hunting for the best overall performance for the constant power speed range. 

Randomly modifying W. would eventually lead to similar results, but the search may be too time 
consuming. At this point, preliminary machine sizing is complete, and all parameters may be calculated. 
The average torque/speed envelopes for motoring and generating can be calculated up to the peak current 
and to the peak voltage (V,). This way, the generator specifications may be checked after the machine 
is sized in terms of turns/coil W,, for motoring. 

In some applications, the generator mode is more demanding; thus, the W. computation should be 
tied to generating. To do so, we first have to explore current waveforms for generator mode. 


9.5.5 Current Waveforms for Generator Mode 


In the generator mode, a phase is turned on at the angle @,, around the maximum inductance rotor position, 
and then the controlled semiconductor rectifier (SCR) is turned off (commutated) at the angle 6, long 
before the phase inductance decreases to its minimum value (Figure 9.11a through Figure 9.11c). 

The voltage equation for phase j (Equation 9.22) is as follows: 


V.=RI4+L 4, Ronee ea 0 (9.50) 
i tt ae gE Tn; a a . 


For simplicity, we may consider L, ~ L, (unaligned) = const, as it is the situation in very saturated condi- 
tions. The voltage V;= V,, during phase energization (excitation) and V; = —V;, during power delivery 
through the free-wheeling diodes (Figure 9.11a). Let us also neglect the stator resistance. 

Figure 9.11a shows three cases that can be fully documented via Equation 9.50. In case (1), after T, 
and T, are turned off (phase energization is finished) at 0, the current still increases. As V,<0 and E<0, 
the current increase is due to the fact that | E|>|V,, |, that is, the emf is greater than the supply (magne- 
tization) voltage. This case is typical for high speeds (n > n,), when the torque is smaller (Figure 9.11b, 
cycle 1 area). 

For case (2) in Figure 9.1 1a, it happens that at turn-off angle @., |E|=|V,, | and thus, from Equation 9.50, 
with R,=0, 4 =0. Consequently, the current remains constant until the inductance reaches its minimum 
at 6,. Energy cycle (2) in Figure 9.11b shows the large torque area. 

In case (3) in Figure 9.1la, the maximum current is reached at 6., and after that, the current 
decreases steadily, because | E|<|V,, |, which corresponds to low speeds. A smaller torque area is typical 
for case (3). 
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FIGURE 9.11 Current waveforms for (a) generator mode, (b) the corresponding energy cycles, and (c) the same 
peak current with pertinent converter. 


For constant DC voltage power delivery, the excitation energy W,,. per cycle (Figure 9.11a) is as follows: 


Vv, fe 
= <« | idO (9.51) 
exc 27tn on 
The delivered ideal energy/cycle, W,,, is 
Vif % 
| "ido (9.52) 
ow 2mn Je, 
The excitation penalty € is 
W.. 
e=—™ (9.53) 
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Case (1) (|E|>| Vi. |) leads to a smaller excitation penalty than that for the other two cases, for the same 
net generated energy per cycle W,,,. As we can see from Figure 9.1la and Figure 9.11b, the excitation 
penalty has conflicting influences on the design. To have a small €, we are tempted to design (control) 
the machine such that |E|>|V,, |; however, the torque area (Figure 9.11b) is smaller, and the energy 
conversion ratio is not close to an optimum. 

Case (2) (E,, = V,,) produces the largest torque—energy cycle and, thus, seems more effective in energy 
conversion. Maintaining case (2) (|E|=|V,,|) forces one to increase the DC voltage in proportion to 
speed. But, to deliver power at constant voltage, a voltage step-down DC-DC converter has to be added 
between the machine converter and the DC load (from V,, to V,). The peak value of current for case (1) 
occurs at the angle 6, : 


ijn ita 1 Neg 9-1 “216-6 +0-8,) (9.54) 
peak i, in 2nn off d i Inn © on c d - 


An earlier turnoff (smaller 0.) leads to a smaller peak current, even if 0.—@,, = const. 
For case (2), the peak current occurs at 0: 


¥ 1 V, 0.-0 
i ; = peak Peeeriyemet 2am Akt on (9.55) 
Ee Leak L 2an 0,-0. 


The phase inductance L,,,, at 9 seak = 6. is considered to be proportional to 0, —@., because L varies almost 
linearly with rotor position. A constant dwell angle 6. —6,, with early turnoff (smaller 0) leads to smaller 
peak current and, thus, lower power delivery. Controlling the output power is thus possible by turn-on 
angle @,, and turn-off angle 0. 

When a voltage step-down DC-DC converter is not available or desirable, the generator mode should 
switch from case (3) below base speed, to case (2), and case (1) as speed increases. The energy conversion 
is not uniformly good, but the constant power speed range may be increased, especially if m, for case (2) 
is lowered. 

It may now be more evident that adopting | E| ~|V,, | at the base speed n, is also good for generator 
operation in terms of energy conversion. This is not so in terms of excitation penalty. In general, an 
excitation penalty € = 0.3 to 0.4 is considered acceptable, though higher values may lead to higher energy 
conversion in the machine. The | E =| V,, | condition, if maintained for the entire speed range (70 to 140%, 
for wind generators), corresponds to the lowest generator peak current for given output power (energy 
per cycle) at maximum speed. 

For wide constant speed range generating, it seems that choosing V, =cons=E at base speed is the 
solution. Designing the PWM converter at V,, corresponding to base speed m, pays off in terms of 
converter voltage rating. 


9.6 PWM Converters for SRGs 


As already alluded to in this chapter, each phase of SRG(M) is connected to a two-quadrant DC—DC 
converter (Figure 9.12). 

The generator case is presented in Figure 9.12 for two main situations in terms of load — with and 
without backup battery. Only in the case with load backup battery may the SRG operate as a starter, 
supplied from the battery. In vehicular applications, this is the case for internal combustion engine (ICE) 
starting and driving assistance. The generator mode appears, during exclusive ICE driving, for optimum 
battery recharge and load supply and during regenerative vehicle braking. The low-voltage self-excitation 
battery is present and serves to initiate the raising of output voltage under no load (self-excitation) only 
when the load backup battery is absent. 
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FIGURE 9.12 Three-phase switched reluctance generator (SRG) with asymmetrical converter, self-excitation, or 
load backup battery. 


There are many other PWM converter configurations that use a smaller number of SCRs (m, or m+ 1, 
instead of 2m pieces for the asymmetrical converter). A complete investigation of such converters is presented 
in Reference [2]. The conclusion is that all have advantages and disadvantages. At least for SRGs, where the 
generator control, especially, may encounter instabilities in DC output voltage control, due to inadvertent 
self-excitation, the asymmetrical converter (Figure 9.12) is considered a very practical solution. This converter 
provides for the freedom of soft (one SCR off, T,) or hard (both SCRs off) de-energization of phases, to 
reduce output voltage pulsations. Also, to increase the generated power, an intermediary soft turning-off 
period (T, off), before the hard turning-off period (T,, T, off) is feasible. 

A DC-DC converter for voltage buck boost may be added between the load backup battery and the 
SRG side multiphase chopper (Figure 9.12). The battery voltage may be too small in some cases (42 V,. 
in a mild hybrid vehicle), so it pays off to design the SRG and the machine-side converter at a higher 
and constant voltage, which should be at least equal to the battery maximum voltage V,,,,..- 

As shown in Chapter 8, for the PM-assisted reluctance synchronous machine (RSM) starter/generator 
PWM converter, it seems to pay off to include an additional DC-DC converter for voltage boost (in 
motoring) and step down (for generating), both in terms of silicon costs and system losses. 

To stabilize the output voltage, it may be feasible, for stand-alone DC loads, to supply the excitation 
power (phase energization) from a separate (excitation) battery (Figure 9.13). As the excitation power may 
amount to 30% (or more) of the output power, the excitation battery has to be strong. To avoid adsorbing 
large currents from the excitation battery, the diode D,, may be used [9]. The presence of the starting 
battery allows for operation during load faults and for clearing them out rather quickly (Figure 9.14) [9]. 
The battery is also used for starting the prime mover of the SRG when the latter works as a starter for 
rather rare starts (as for on board aircraft). 


Power bus V;, 


Excitation 


Starting 
and fault 
excitation 


Battery 


FIGURE 9.13 Switched reluctance generator (SRG) with separate excitation and power bus and fault clearing 
capability. (Adapted from A.V. Radun, C.A. Ferreira, and E. Richter, IEEE Trans., IA-34, 5, 1998, pp. 1106-1109.) 
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FIGURE 9.14 Voltage rise up, experiencing a fault (sharp load resistance decrease), clearing the fault, and voltage 
recovery. 


Special means for the battery recharge are necessary with the scheme in Figure 9.13, but at a low power 
rating. When one phase goes off, the SRG may provide continuous operation, at low load power, though, 
and with higher output voltage ripple as only the m1, m2, and m3 phases are sound. This is a special 
feature of an SRG, with phases that are weakly coupled magnetically, even for heavy magnetic saturation 
conditions. 

The converter for the case of SRG with AC output should contain one more stage: a DC-AC PWM 
converter (inverter) (Figure 9.15). For such applications with speed variation not more than £25% around 
rated speed, it may be practical to design the SRG to be capable of delivering constant (rated) V;,— DC 
link voltage from minimum speed upward. 

The AC load may be independent or it could be a weak (or strong) power grid. The control of the 
PWM inverter should be adapted to each of this kind of AC load. The capacitor C,.may be designed to 
provide all the reactive power that the AC load is expected to absorb. More information on SRGs at the 
power grid is provided in Reference [10]. 

Note that it should be recognized that the machine-side converter is special for SRG in comparison 
with standard AC starter/alternators, but it contains about the same number of SCRs per phase (2 for 
four-phase machines). However, it avoids shoot-through short-circuits and is thus phase fault tolerant. 


Power grid 


SRG plus PWM inverter i= 
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FIGURE 9.15 Switched reluctance generator (SRG) with additional alternating current (AC) load interface inverter. 
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Finally, the danger of emf that is too high at largest speed, existent in PM generators, is not present 
with SRG. 

We treated here three- and four-phase SRGs, but one- or two-phase SRGs may also be built for low 
powers or superhigh speeds [11]. 


9.7 Control of SRG(M)s 


There is a very rich literature on SRM drives control, with pertinent updates in Reference [2] and 
Reference [4, 12]. 

Though starter/generators experience longer generator than motor operation mode intervals, most 
attention has so far been placed on the motoring control. 

We will distinguish two main high-grade control strategies for SRG(M)s: 


+ Feed-forward torque sharing control [2, 4] 
+ Direct torque control [14-16] 


Current profiling with efficient torque sharing in four-phase SRG(M)s is also considered here as a 
feed-forward — indirect — torque control, though executed under a current profile control. 
The control of SRGs may be classified by the controlled variable in the following: 


* Speed or voltage control for generation mode 
* Torque control for starter/generators 


Speed control for maximum wind power extraction is typical for wind generators, but a torque (power) 
interior closed loop may be used for faster response. 

Torque control may be used for generating with load backup battery, as the reference torque may be 
calculated from the required (accepted) current by the battery state of charge. The control system may 
be implemented with or without a motion sensor (encoder or resolver). 

For mainly generator operation, even with infrequent starting (motoring), the rather coarse (if any) 
position feedback may be used. During, drive-assisting operation mode on EHVs, fast nonhesitant robust 
and precise torque response is required from zero speed. In this latter case, either a precise encoder is 
used to measure the rotor position, or an advanced position estimator that works from zero speed and 
has initial rotor position estimation capability is provided. As this kind of sensorless vector control was 
already demonstrated for PM-RSM starter/alternators (Chapter 8), such a standard behavior is expected 
from SRG(M), also. 

In view of the above, we will present, in what follows, representative methods with feed-forward and 
with direct torque control. And then, we will deal separately with observers for motion-sensorless control. 


9.7.1 Feed-Forward Torque Control of SRG(M) with Position Feedback 


In automotive applications and, in general, for torque feed-forward control, the reference torque T, is 
determined by the acceleration or braking pedal corroborated with speed and battery state and load 
information. It is the average reference torque, basically. 

The magnetic saturation and the nonsinusoidal manner of phase inductance variation with rotor 
position make the relationship between torque and phase current highly nonlinear and speed dependent. 
Moreover, the phase current may be PWM controlled only below base speed, for motoring. To fully 
determine the torque produced by a phase not only the current i, should be referenced (for PWM current 
control below base speed), but also the turn-on, 6, and commutation (hard commutation), @., angles 
have to be referenced (changed). 

Above base speed, when only the single-pulse current operation mode is available, for motoring, only 
the 0°, @° angles have to be referenced for given T, , battery voltage, and speed. The reference torque T, 
vs. speed envelope has to be known off-line, to avoid control instabilities at high speeds for all battery 
voltages. 
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Feed-forward torque control is based on the off-line computation of a. 0° for given Ts speed n, 
and battery voltage, based on the ‘¥(i, 6.) curves and the nonlinear circuit model of SRG(M), as described 
in the previous section. 

To reduce the complexity of the various look-up tables required for real-time control implementation, 
only one phase torque is considered in three-phase SRGs. Torque ripple minimization is obtained with 
current profiling below a certain speed, calculated for minimum battery voltage [16]. When, at low 
speeds, PWM current control is used, the latter is applied only to one phase at a time. 

The relationship between ae ie Cae 0° for a large number of speed n and battery voltage Vi. levels, 
both for motoring and generating, are obtained offline from the machine nonlinear model via some 
analytical approximations. 

In Reference [13], parabolic fitting curves are used: 


6° (T" sn") = 0 (n)+C, (nT 
6° (T. ,n")=0,(n)+C (n)T" (9.56) 


i= p(n), +q,(n) JT, 


The parameters 0, C,, C,, m,, Mz pj and q; are dependent on speed n and also on battery voltage V,.. 
A linear dependence of p; and q;, on V,,, may then be adopted [14]: 


?,= k (n+ LM, 
(9.57) 
q; = k(n)+ L (nV. 


Above base speed, the current regulation is no longer imposed, and only the angles 0°, 9° are imposed 
as dependent on speed. 

It was proven [13] that the torque variation due to turn-on angle @,, deviation is rather large, but it 
decreases when the torque increases. 

Typical values of these off-line calculated control parameters for a 15 kW, 95 Nm, 12/8 (three-phase) 
SRG are shown in Figure 9.16 for motoring and in Figure 9.17 for generating, making use of the criterion 
of maximum torque for given current [13]. An extension of the torque/speed envelope is obtained when 
switching from this criterion to maximum torque/flux at high speeds [12]. The basic control scheme, 
shown in Figure 9.18, evidentiates the torque to current i,, angles 0° and @°, and the current regulators. 
Typical torque response at three speeds is shown in Figure 9.19 with current and torque vs. time for 
motoring and generating in Figure 9.20 and Figure 9.21 [14]. Good quality responses are visible in Figure 9.20 
and Figure 9.21 for single-pulse current control (high speed). 

At low speeds, below 100 rpm in Reference [16], current profiling may be used to further reduce torque 

pulsation and noise. Typical such current profiles with simulated torque are shown in Figure 9.22 [16] 
for a 24/16 three-phase 350 Nm FRG(M) at 200 V,, and at a peak current of 200 A. 
While the off-line computation effort of T.’, i;, 6°, 0° for given n and V,, is done once, at implemen- 
tation, it is very challenging in terms of memory for online control with 50 psec or so control decision cycles 
[16]. Rather good efficiency levels were demonstrated, however, by tests in Reference [16] (Figure 9.23a and 
Figure 9.23b). 

To further reduce the DC current ripple that is felt by the battery, a soft commutation stage (V,, = 0, 
one SCR only off) per phase, prior to the hard commutation stage, up to a certain speed, may be 
implemented [12, 16]. To avoid part of the tedious off-line computation of i;, @;,, 0° for given T., n, 


on? 


Vie Various online estimation methods, such as fuzzy logic and ANN were proposed. A pertinent review 


of these control methods for motoring is given in Reference [12]. 
One step further in this direction is the concept of direct (close-loop) torque control of SRG(M). 
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FIGURE 9.16 Precalculated control coefficients for motoring. (Adapted from H. Bausch, A. Grief, K. Kanelis, and A. Mickel, Torque control of battery 
-supplied switched reluctance drives for electrical vehicles, Record of ICEM—1998, pp. 229-234.) 
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FIGURE 9.17 Precalculated control coefficients for generating. (Adapted from H. Bausch, A. Grief, K. Kanelis, and A. Mickel, Torque control of 
battery-supplied switched reluctance drives for electrical vehicles, Record of ICEM-1998, pp. 229-234.) 
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FIGURE 9.18 Feed-forward torque control of switched reluctance generator (SRG) (M). (Adapted from H. Bausch, 
A. Grief, K. Kanelis, and A. Mickel, Torque control of battery-supplied switched reluctance drives for electrical 
vehicles, Record of ICEM-1998, pp. 229-234.) 


9.8 Direct Torque Control of SRG(M) 


Direct torque control [12, 15, 17] requires online torque estimation. Torque estimation, in turn, requires phase 
flux estimation. The reference torque is the average torque. For three-phase SRG, the average torque per energy 
cycle is determined basically for one active phase, but with four-phase machines, both active phases have to 
be considered. To save online computation effort, the flux and average torque of a single phase is estimated. 
However, this limits the average torque control response quickness to fast reference torque variations. Esti- 
mating the flux and torque of all phases would eventually bring superior results in torque response 
quickness and quality, but with a markedly larger hardware and software effort. 
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FIGURE 9.19 Torque response precision. 
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FIGURE 9.22 Simulated current profiles and torque. 
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FIGURE 9.23 Efficiency vs. speed: (a) motoring and (b) generating. 


Average torque T\ estimation per energy cycle thus seems to be a practical solution. The problem is 
that torque estimation has to be sound, even at zero speed, in order to provide adequate torque control 
at zero speed. The presence of a refined position sensor is an asset in this enterprise, as precision 
in Ces, 0° control of less than 1° (mechanical) is required for 6/4 machines and less than 0.2° (mechanical) 
for 16/12 machines [17]. 

To calculate the average torque, the basic coenergy W. formula from coenergy, via the mechanical 
energy per cycle W,,,,.. is used: 


(W,,.) = [ae = ff ee aaa (9.58) 
6,, 40 00 " 


mec’ cycle on 00. r 


eo 


The energy required for phase magnetization is eliminated from Equation 9.58, because it is “recovered” 
during phase demagnetization. 


As expected, W,,,,. contains the core loss, so it is not exactly the shaft torque. The average machine 
torque Tis 


T= (9.59) 
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(b) 


FIGURE 9.24 (a) Average torque estimator and (b) typical output at low speed (pulse-width modulator [PWM] 
current). 


As the magnetization—demagnetization energies eliminate each other, W,,,,. may be calculated as follows: 


adv. 
nee, 1 rd (9.60) 
cycle 


The integral should be reset to zero when the phase current reaches zero, after each energy cycle. 
But, the flux time derivative is straightforward: 


a. ae (9.61) 


Simple as it may seem, but, when implemented, for low speeds, the phase voltage due to PWM is noisy, 
and temperature introduces notable errors. The situation may be ameliorated by some filtering of the 
phase voltage and by R, adaptation. 

The basic average torque observer Tis shown in Figure 9.24a and Figure 9.24b. 

More advanced W,,,,. estimators may be introduced to facilitate better performance at low speeds. 
They may make use of the machine approximate current model (flux/position/current), (6, i), even 
through linear approximations (9.33). Analog implementation of the average torque estimator has 
proven efficient [17]. 

The torque error €; may be used to provide the stator current i’, turn-on 9°, and turn-off 6° incre- 
ments through a PI regulator. These increments may then be added to the off-line control parameters, 
as is done for feed-forward torque control (as discussed in the previous paragraph). A typical such direct 
torque control system is shown in Figure 9.25. 

Good torque tracking control was claimed with this method in Reference [17], where, for simplicity, 
6_, = constant. 

The off-line computation effort remains stern, while the direct average torque control adds more 
quickness and robustness to torque reference tracking, as many parameters vary in time. The battery 
voltage, V,.. varies, for example, within 1 sec, from its maximum to its minimum during peak motoring 
torque application for in-town driving of an electric vehicle (Figure 9.26). 


© 2006 by Taylor & Francis Group, LLC 


Switched Reluctance Generators and Their Control 9-29 


Offline control parameters 


0 


on0 ‘co 


Torque 
reference 
calculator 
& 
limitor 


Current 
regulator converter 


Resolver 


Average torque 
estimator 
Fig. 9.24 


= 
i 
x 


pedal 


Acceleration 
Brake pedal 


FIGURE 9.25 Direct average torque control of switched reluctance generator (SRG)(M). 
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FIGURE 9.26 Torque, electrical vehicle (EV) speed, and battery voltage during standard town driving cycles. 
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9.9 Rotor Position and Speed Observers 
for Motion-Sensorless Control 


In the control schemes so far presented, the rotor position and speed are provided by an encoder or a 
resolver with dedicated hardware for speed calculation. 

As motion-sensorless control from zero speed, with signal injection for position estimation, was proven 
for PM-RSM starter/alternators (Chapter 8), the question is if the same can be done for SRG(M)s. There 
is a rich literature on motion-sensorless control of SRM without and with signal injection (in the passive 
phase in general). A pertinent review may be found in Reference [18]. 


9.9.1 Signal Injection for Standstill Position Estimation 


To identify the initial rotor position for a nonhesitant start, a voltage pulse is applied to one phase, and 
the current is acquired up to a certain value i,. The corresponding flux Y, in the winding is as follows: 


Wo =Vi-t (9.62) 


where t, is the time for full voltage application. 

For a given Y,, i, pair, from the already stored ‘¥(6,, i), which is eventually curve fitted, the initial 
rotor position is estimated. While this method is correct in principle, it does not provide rotor position 
estimation at low speed and up to the speed when emf methods may be used. At low speeds, including 
standstill, choosing an idle phase, a small AC voltage V,,. signal may be injected. Neglecting the emf, the 
equation of idle phase is as follows: 


di. 
=Ri pene 
Vars = Ri, +1,(0,) (9.63) 
With a sinusoidal voltage injection of frequency @. : 
gens = Vj, SINO,t (9.64) 
The current in the idle phase is as follows: 
4 : 
sens = uy sin(@.t—/) (9.65) 
R +aL;(0 ) 
aL (@) 
y= tan” a 7 (9.66) 


Both the amplitude and the phase of I, contain position information. 

The measured inductance, obtained through a modulation technique, may be used again, in corrob- 
oration with an appropriate ‘¥(0,, 1) family of curves, to determine the rotor position. The sensing voltage 
signal has to be “moved” from one idle to the next idle phase, and special hardware is needed to produce 
the sinusoidal sensing voltage and so forth. 
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More advanced rotor position and speed observers may be used for low and high speeds without signal 
injection. A sliding mode such observer, for example, may be of the following form [14]: 


(9.67) 


6 and , are the observed rotor position and speed; k 
on position and, respectively, on speed. 


The error function of the observer e f is as follows: 


3k,» k, are so-called innovation gains, dependent 


= S*cos()(i, -i)) (9.68) 
The estimated current is obtained after the phase flux is determined through integration: 


ae Jo —Ri,)dt (9.69) 


The current model based on known 4G 4, i. ) retrieves, for already known 6, ws the estimated cur- 
rent i,. A combined voltage/current model may be used to estimate both x and i i, at the same time, as 
done ee AC machines (Chapter 7 and Chapter 8). 

A motion-sensorless complete drive with interior torque close-loop control may be based on a para- 
bolic relationship between flux ‘¥ and torque and a linear reduction of 6, with speed and torque. The 
commutation angle 0. varies from 6! to oe when the speed increases [14]. 

6! is the commutation (turn-off) angle for maximum torque per current; 6 is the commutation 
angle for maximum torque/flux. The latter criterion provides, for @, >@,, more available torque for 
given DC voltage, V,,. Typical experimental results are shown in Figure 9.27a for responses at 95 rpm 
and in Figure 9.27b for those at 4890 rpm. [14]. Due to integrator drift, sensorless operation at very low 
speeds (below 95 rpm in Reference [14]) becomes difficult. 

The combined voltage—current observer to estimate flux and current i may be used to reduce the 
speed for good position estimation, perhaps to a few (20) rpm [19, 20]. Still, for safe standstill torque 
control at zero and a few rpm, a signal injection rotor position estimator is required. Reference [21] 
suggests a rotating signal injection position estimation that works from zero speed and is similar to its 
counterpart for AC drives. 


9.10 Output Voltage Control in SRG 


Applications such as wind energy conversion or auxiliary power sources require constant DC voltage 
output for a limited speed range as mentioned before in this chapter. 

A simplified control system for such applications relies on direct DC output voltage control with fixed 
or linearly decreasing with speed turn-on, @,,, and commutation, @_, angles with rotor position feedback 
(Figure 9.28). An additional step-down chopper may be used to stabilize the DC output voltage control 
over a limited speed range. 

The current regulator controls the level of machine energization through voltage PWM as the 6, and 
9. angles are held constant. The self-excitation on no load is shown in Figure 9.29a to be slower than 
the start-up process on load with an external excitation source (a 12 V battery). Transient response to 
step reference DC output voltage shows rather fast response (Figure 9.29b) [22]. It is stable voltage 
response with zero steady-state error. The low voltage excitation source helps to self-excite the machine, 
especially when no remnant flux exists in the machine. 

To produce more output, a limited soft turn-off stage — before hard turn-off at 9. — may be intro- 
duced [23]. As a bonus, the noise level is also reduced. 
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FIGURE 9.27 Position and speed observer responses at (a) 95 rpm and (b) 4890 rpm. 


Robust Current regulators 


voltage + 
regulator converter 
de and 


limiter 


FIGURE 9.28 Direct current (DC) output voltage control of a switched reluctance generator (SRG). 
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FIGURE 9.29 (a) The start-up and (b) voltage control. 


9.11 Summary 


+ Switched reluctance machines are of double-saliency type, with coils, around all stator poles, 
supplied in sequence with current controlled voltage pulses in tact with rotor position. They have 
salient poles on the rotor and on the stator. Multiphase configurations are capable, with proper 
control, of rather smooth torque and self-starting capability from any initial position. 

* Lacking windings or PMs on the rotor, SRG(M)s are rugged and suitable for hot environments 
(even up to 200°), and they are inexpensive. 

+ They work on the principle that the salient rotor poles are attracted to the energized phase (phases). 
As the rotor advances, one phase is turned off, while the next one is turned on at the adequate 
rotor position. 

+ SRMs are fully dependent on power electronics with rotor position-triggered control. 

+ Already, a handful of companies [3] commercialize SRM drives. As starter/generators, SRMs are 
vigorously proposed for automobiles, trucks, and aircraft applications. 

+ The machine configuration simplicity and ruggedness tend to be compensated for by the unique- 
ness, complexity, and costs of the PWM converter system. 

* In the absence of magnetic saturation, the inductance of each phase has a three-stage variation 
with rotor position: rising, descending, and constant. The three stages correspond to 27/N_ 
mechanical radians, where N is the number of rotor salient poles. 

+ In three-phase SRMs, only one phase has a nonconstant inductance vs. rotor position for either 
motoring or generating at any rotor position. There are two such active phases at all rotor positions 
in four-phase machines. 

* The number of stator poles is N, =m-2K, where m is the number of phases and 2K is the number 
of poles per phase. 

> ON, and N are related by, in general, N = N_-2K. 

- Three or four phases are typical in industrial SRM(G)s with N./N,_=6/4, 12/8, 24/16 for three 
phases and N,/N,=8/6, 16/12, 32/24 for four phases. To reduce the electromagnetic noise, an 
even number of pole pairs K per phase is chosen. 

+ The flux interaction between phases, even in the presence of magnetic saturation, is small. Hence, 
fault tolerance is rightfully claimed for SRG(M)s. 

+ Each phase is motoring, while its inductance has a rising slope and is generating along the 
descending slope. Unfortunately, each phase has to be fully fluxed and defluxed every energy stroke 
(cycle); that is, N , times per revolution. 

+ The current polarity is not relevant to torque sign, because there is no interaction between phases 
and no PMs. This property leads to special PWM converters with unipolar current control. 
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The family of flux/position/curves per phase ‘¥(@, i) is the most important performance identifier 
for SRM(G)s. While for aligned position the magnetization curve has to be highly saturated, the 
unaligned rotor position magnetic saturation curve is linear. 

The area between these two extreme curves represents the maximum mechanical energy W,,. 
converted into an energy cycle. For magnetization, the energy area is WY ag* The energy conversion 
ratio is ECR=W_/(W,,.. + Wiig)? which is 0.5 short of magnetic saturation and 0.65 to 0.75 for 
heavy saturation. 

Indicative for SRG(M) performance, in connection with the PWM converter, is the kW/peak kVA, 
which is only 10 to 15% lower than that for induction motor AC drives. However, 10 to 15% extra 
cost in the converter can weigh a lot in the system costs. 

The more common kW/rms/kVA ratio, or equivalent power factor, is not as important as the ratio 
between peak instantaneous current and peak RMS current that tends to be larger for SRG(M)s. 
The circuit model is based on independent phase voltage equations. Also, due to magnetic satu- 
ration, only a pseudo emf E may be defined, while the instantaneous torque has to be computed 
directly from OW. /0@_ ( W. is the coenergy per phase). 

The pseudo-emf E depends on rotor position and on current but is positive for motoring and 
negative for generating (Figure 9.6). 

The pulsed-supply of phases leads to iron losses both in the stator and rotor and makes the core 
loss model rather involved. 

The transient inductance L, = 0'¥ /0i is, under saturation conditions, close to its unaligned value. 
This explains the acceptably quick phase fluxing during generating. Magnetic saturation also limits 
the maximum flux in the machine to keep the voltage rating within reasonable limits. 
Exponential, polynomial, fuzzy logic, ANN, or even piece-wise linear approximations were pro- 
posed to curve-fit the ‘¥(@,, i) family of magnetization curves that is so necessary, both for SRG 
performance simulation and for control design implementation. 

The SRG design issues depend on the speed range for constant power and on output voltage. 
SRG(M) specifications are mainly expressed in terms of torque/speed envelopes for motoring and 
generating, for given DC voltage source (output) value. The maximum value of the current 1 peak is 
also specified. 

After sizing the SRG(M), an optimization design is pursued based on maximum torque/current 
below base speed n, (rpsec) and maximum torque per total losses, to maximum torque/flux, at 
large speeds (above n,). 

The base speed n, corresponds to the case when the pseudo-emf E equals a given fraction @,,, ~1 of 
the DC voltage, and the machine produces the peak torque under the conditions of maximum 
torque per ampere. 

When a wide constant power speed range is required, with @,,=1, the minimum speed n, , 


i 


be chosen smaller than Ny» but at the price of a lower number of turns/coil and higher peak current, 


, may 


and, consequently, higher converter costs (converter oversizing as for the AC starter/alternators 
[Chapter 7 and Chapter 8]). 

The current is chopped below n,, and single current pulse operation takes place above n, for 
motoring. 

Single-pulse generation is feasible for n >n,, but PWM modulation may be supplied for all speeds 
to lower the torque during generation. 

The flat top current generating corresponds roughly to E = V,. and may be maintained for a range 
of speeds only if V,. is allowed to increase with speed. In this case, for constant output (load) 
voltage V,,,,, an additional step-down DC-—DC converter is used to interface the load. 

E = V,, corresponds to very good energy conversion in the machine and converter. 

Phase energizing for generating takes place along descending slope of phase inductance and, thus, 
is slow, and it takes its tall of Pin the power. When the phase is turned off (commutated), the 
free-wheeling diodes become active and deliver power P_, to the load. For high speeds, E > V,,, 
while for low speeds, EF < V,, if single pulse generating is performed with turn-on 6, and 
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turn-off 0. angles as controlled variables. The ratio P/P  =€ is called the excitation penalty, 
which, for a well-designed machine, should lay in the integral of 0.3 to 0.5. 

The excitation penalty € is not minimum when the energy conversion ratio in the machine is 
maximum (E = Vi) but for E> Ve 

There are many unipolar current DC—DC multiphase converters suitable for SRG(M)s, but the 
asymmetrical one with two active power switches per phase is most used so far, especially for 
generators, where both hard- and soft-switching are required to increase power output and reduce 
noise and vibration. 

In essence, when SRGs supply a passive DC load, self-excitation is difficult, and a special low- 
voltage battery with a series diode is provided for initiation. For safe and stable output control, 
it is possible to use a separate excitation bus (or battery) and a power bus that might flow power 
back to the excitation bus, to lower the power rating of the excitation battery (Figure 9.13). 
Control of SRG(M)s for starter/generator applications amounts to feed-forward or direct (close- 
loop) average torque with or without position sensors. 

Average torque estimation proves to be rather straightforward, as the mechanical energy per 
cycle W,_. equals the resultant electrical energy per cycle W_,. = “"idt at the moment when the 
current in the respective phase becomes zero. This is so because the energy for fluxing and defluxing 
the phase cancel each other during a complete energy cycle. This is not so for continuous current 
control. 

The curve-fitted ‘¥(@,, i) family is used off-line to calculate the optimum @, and 6. angles and 
current, for given reference average torque, speed, and battery voltage and state of charge. 

So far, no practical control system that fully avoids off-line calculations was demonstrated for 
SRG(M)s in contrast to AC drives. 

Motion-sensorless control for starter/generators requires position estimation from zero speed. So, 
a signal injection method is mandatory for zero and low speeds, while an emf method is to be 
used when the speed increases. In References 21 and 24, such an efficient method of saliency 
detection through quasi-rotating voltage vectors injection and current response processing was 
proposed. It is a version to the one introduced earlier for AC drives. 

When only generator mode is required, simpler position estimators may be used, while direct DC 
output voltage control is performed. 

The control of SRG(M)s is more involved than for AC machines, but its capacity to perform over 
a wide constant power speed range, because phase defluxing is at hand, and machine ruggedness 
and low cost make the former a tough competitor to the AC starter/generator systems. 
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10.1 Introduction 


By permanent magnet (PM) synchronous generators (SGs), we mean here radial or axial airgap PM brushless 
generators with distributed (q > 1) or concentrated (q < 1) windings and rectangular or sinusoidal current 
control with surface PM or interior PM (IPM) rotors. Multiple pole transverse flux machines (TFMs) or flux 
reversal machines (FRMs) conceived for low speed and high torque density will be discussed in Chapter 11. 

A PMSG?’s output voltage amplitude and frequency are proportional to speed. In constant speed prime- 
mover applications, PMSGs might perform voltage self-regulation by proper design; that is, inset or 
interior PM pole rotors. Small speed variation (+10 to 15%) may be acceptable for diode rectified loads 
with series capacitors and voltage self-regulation. However, most applications require operation at vari- 
able speed, and, in this case, constant output voltage vs. load, be it direct current (DC) or alternating 
current (AC), requires full static power conversion and close-loop control. 

Versatile mobile generator sets (gensets) use variable speed for fuel savings, and PMSGs with full power 
electronics control can provide high torque density, low losses, and multiple outputs (DC and AC at 50 
[60] Hz or 400 Hz, single phase or three phase). 

A high efficiency, high active power to peak kilovoltampere (kVA) ratio allows for reasonable power 
converter costs that offset the additional costs of PMs in contrast to switched reluctance generators (SRGs) 
or induction generators (IGs) for the same speed. 

For automotive applications, and when motoring is not necessary, PM generators may provide con- 
trolled DC output for a 10 to 1 speed range through a diode rectifier and a one insulated gate bipolar 
transistor (IGBT) step-up DC-DC converter for powers above 2 to 3 kW. A series hybrid vehicle is a 
typical application here. Gas turbines run at super high speeds; 3.0 megawatt (MW) at 18 krpm to 150 kW 
at 80 krpm. Direct-driven super-high-speed PM generators, with their high efficiency and high power 
factor, seem to be the solution for such applications. With start-up facilities for bidirectional power flow, 
static converters allow for four-quadrant control at variable speed, with +100% active and reactive power 
capabilities. Distributed power systems of the future should take advantage of this technology of high 
efficiency, reasonable cost, and high flexibility in energy conversion and in power quality. 

Flywheel batteries with high kilowatts per kilogram (kW/kg), good kilowatthours per kilogram (kWh/kg), 
and long life, also make use of super-high-speed PMSGs with four-quadrant P and Q control. They are 
proposed for energy storage on vehicles and spacecraft and for power systems backup. 

Diverse as they may seem, these applications are accommodated by only a few practical PMSGs 
classified as follows: 


With radial airgap (cylindrical rotor) 
With axial airgap (disk rotor) 

With distributed stator windings (q > 1) 
With concentrated windings (q < 1) 
With surface PM rotors 

With interior or inset PM rotors 

With rectangular current control 

With sinusoidal current control 


In terms of loads, they are classified as follows: 


+ With passive AC load 
+ With DC load 
+ With controlled AC voltage and frequency at variable speed 
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The super-high-speed PM generators differ in rotor construction, which needs a mechanical shell 
against centrifugal forces and a copper shield (damper) to reduce rotor losses. Also, at high fundamental 
frequency (above 1 kHz), stator skin effect and control imply special solutions to reduce machine and 
static converter losses and overall costs. 

As in most PMSG surfaces PM rotors are used, the latter will be given the most attention. An IPM 
rotor case will be covered in a single paragraph, when voltage self-regulation is acceptable due to almost 
constant speed operation. Basic configurations for stator and rotor will be introduced and characterized. 
A comprehensive analytical field model is introduced and checked through finite element method (FEM) 
field and torque production analysis. Loss models for generator steady-state circuit modeling are intro- 
duced for rectangular and for sinusoidal current control. Design issues and a methodology by example 
are treated in some detail. 

PM generator control and its performance with direct AC loads, with rectified loads, and with constant 
voltage and frequency output at variable speed by four-quadrant AC—AC static power converter P—Q 
control systems are all treated in separate sections. Super-high-speed PM generator design and control 
are dealt with in some detail, with design issues as the focal point. Methods for testing the PMSGs to 
determine losses, efficiency, and parameters close the present chapter. 


10.2 Practical Configurations and Their Characterization 


PM brushless motor drives have become a rather mature technology with a sizeable market niche 
worldwide. Thorough updates of these technologies may be found in the literature [1-5]. 

For PMSGs, both surface PM and inset PM pole rotors are used. A typical cylindrical rotor configu- 
ration is shown in Figure 10.1. For IPM pole rotors, the magnetic reluctance along the direct (d) axis is 
larger than for the transverse (q) axis; thus, L,< L,— that is, inverse saliency, in contrast to electromag- 
netically excited pole rotors for standard synchronous machines. 


Carbon fiber 
mechanical shield 


0.5-1 mm copper shield 
for superhigh speed rotors 


PM piece 


-Nonmagnetic fill - for surface PM-poles 
-Laminated magnetic fill for inset PM-poles 


NOs 


Magnetic yoke: 
-Solid for surface PM-poles 
I -Laminated for inset PM-poles 


FIGURE 10.1 Four-pole surface permanent magnet (PM) and inset PM pole rotor configurations. 
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FIGURE 10.2 Four-pole cylindrical external rotor. 


The d axis falls along the PM field axis in the airgap. The rotor may be internal (Figure 10.1) or external 
(Figure 10.2) to the stator, in cylindrical rotor configurations. Interior rotors require a carbon fiber 
mechanical shield (retainer) against centrifugal forces for high-speed applications (above 50 to 80 m/sec 
peripheral speed). In contrast, external rotors do not need such a retainer, but the yoke has to withstand 
high centrifugal forces in high-speed rotors. 

For high-speed PMSGs with cylindrical rotors, characterized by a wide constant power speed range 
(@,,,./@, >4), a hybrid surface PM pole and variable reluctance rotor may be used (Figure 10.3a through 
Figure 10.3c). The surface PM pole rotors were proven capable of slightly more torque for given rotor 
external diameter and length and the same PM weight. For generators, they provide for small 1, = J, 
inductances in per unit (P.U.) terms, which should result in lower voltage regulation. 

However, inset PM pole or hybrid rotors, due to inverse saliency (L; < L,) may produce zero voltage 
regulation at a certain load that is fixed by design. In self-regulated PMSGs, driven at quasi-constant 
speed, such a design may prove to be practical. 

In super-high-speed PMSGs with fundamental frequency above 1 kHz, the core loss and rotor loss are 
major concerns. To reduce rotor losses, the surface PM rotors are the natural choice. In such applications, 
copper shields surrounding the PM pole reduce the harmonics losses in the rotor PMs, and, moreover, 
solid back iron in the rotor is acceptable. This, in turn, leads to better rotor mechanical integrity. 

Disk-shaped PM rotors were also proposed to increase the torque/volume in axial-length constraint 
designs. The typical rotor has the PMs embedded in a stainless disk; a mechanically resilient magnetic 
disk behind the PMs is also feasible, as it reduces the rotor harmonics losses (Figure 10.4a and Figure 10.4b). 
The configurations in Figure 10.4 preserve the ideal zero axial force on the central part when the latter 
rotor (stator) is in the center position; thus, the bearings are spared large axial forces. 

It is, in principle, possible to use only one of the two rotor parts in Figure 10.4b with a single stator 
in front of it, axially. But in this case, the axial (attraction) force between rotor and stator is very large, 
and the bearings have to handle it. Special measures to reduce vibration and noise are required in this 
situation. 
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Variable 
PM section , reluctance | 
i section | 


FIGURE 10.3 Four-pole permanent magnet (PM) rotor: (a) with surface PM pole, (b) A-A cross-section, and 
variable reluctance, (c) B—B cross section. 


Solid iron 
yoke 


PMs PMs 


Stainless steel 
disk 


(a) (b) 


FIGURE 10.4 Four-pole disk-shape permanent magnet (PM) rotors: (a) interior rotor (with dual stator) and (b) 
double-sided rotor (with single and dual face stators). 
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In the interior rotor configuration, there is no rotor magnetic core in Figure 10.4a, and the axial rotor length 
and its inertia are small. In contrast, the two external stators will require a magnetic yoke (each of them). 
To reduce the stator’s axial length, the number of poles must be increased. This renders the disk rotor 
PM generators favorable for a large number of poles (2p, > 6) for fundamental frequency below 2 kHz. 
Multiple rotor and stator disk rotor configurations were proposed for low-speed high-torque direct drives 
for elevators [5]. 

Though quite a few thorough comparisons between cylindrical and disk rotor PM synchronous 
machines were performed, no clear-cut “prescriptions” are available. However, it seems that depending 
on the number of poles (2p, > 8, 10) and if the stack length is short, the disk rotor PM synchronous 
generators lead to higher torque/volume for equivalent losses and torque [6, 7]. 

For large torque (diameter) applications, such as direct-driven wind generators, low-cost ferrite PMs 
were proposed to cut the costs [8]. Heavy PM flux concentration is required. A typical such rotor structure 
is shown in Figure 10.5. 

Apparently, the configuration exhibits saliency (L; < L,) due to the presence of the PMs along the d 
axis field path. In reality, the slim flux bridges (h,) lead to their early saturation by the q axis (torque) 
currents in the stator; thus, the saliency decreases with load to negligible values. A small machine 
inductance generally produces small voltage regulation. 

To reduce the tangential fringing flux of the PMs in the airgap, bp,, > 3 to 4g (g is the mechanical gap 
between rotor and stator). For rotor diameters of 3 to 4 m, even at speeds below 30 rpm, typical for large 
wind turbines, a mechanical airgap of at least 5 mm is mechanically required. Therefore, the PM width 
bp,, should be at least 15 to 20 mm, and the pole pitch t should not be less than 80 to 100 mm to provide 
smooth PM flux density distribution in the airgap. 

The silicon iron laminated poles of the rotor lead to moderate rotor surface and pulsation harmonics 
core losses in the rotor. 


g (airgap) 


Ferrite PMs (low cost) 


Laminated poles 


Nonmagnetic wedges 


Holes for fixing 
bolts 


Nonmagnetic spider 


FIGURE 10.5 Ferrite permanent magnet (PM) rotor with flux concentration. 


© 2006 by Taylor & Francis Group, LLC 


Permanent Magnet Synchronous Generator Systems 10-7 
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FIGURE 10.6 Slotted stator cores: (a) for cylindrical-rotor permanent magnet synchronous generator (PMSG) and 
(b) for disk-rotor PMSG. 


Generally, stators are made of a laminated iron core with slots, but slotless cores may be adopted for 
high-speed (frequency) applications. The core may be cylindrical or, again, disk shaped (Figure 10.6a 
and Figure 10.6b). 

The radial and axial slots are stamped into, respectively, radial and rolled silicon-iron lamination 
cores. 

In super-high-speed applications, the core losses in the stator teeth may become so large that their 
elimination could prove beneficial, despite PM flux density reduction due to increased “magnetic” airgap. 
Slotless stators for cylindrical and disk-shaped rotor PMSGs are shown in Figure 10.7a and Figure 10.7b. 

The space left between Gramme-ring coils is required to fix the rolled lamination stator core of the 
disk rotor PMSG (Figure 10.7b) to the machine frame. Still, the stator structure is a bit mechanically 
fragile, and care must be exercised in its mechanical design to avoid inadmissible axial bending. 

The Gramme-ring winding is a special winding with short end connections, but a standard three- 
phase winding may be placed, as for the cylindrical rotor machine, in a dummy, isolation-made, slotted 
winding holder to reduce manufacturing time and costs. 

As expected, being “washed” by the cooling air, the stator slotless windings may be better cooled, but, 
due to the larger magnetic airgap, the winding loss and torque tend to be notably larger than that in 
slotted cylindrical stator configurations. 
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FIGURE 10.7 Airgap windings: (a) for cylindrical rotor and (b) for double-sided disk-shaped rotor. 


10.2.1 Distributed vs. Concentrated Windings 


Distributed single- or double-layer three-phase windings with q = 2 + 6 are typical for PMSGs. Chording 
of coils in a ratio of about 5:6 is performed on double-layer windings to reduce the fifth and seventh 
stator magnetomotive force (mmf) space harmonics and their additional rotor surface and PM eddy 
current losses. 

A large q (slot/pole/phase) leads to an increase in the order of the first slot harmonic, with amplitude 
that is thus reduced along with its additional rotor surface and PM eddy current losses. However, for 
large q, the end connections tend to be large, and thus, the Joule losses tend to increase. Up to q = 3, a 
good compromise in terms of total losses may be secured. 

Distributed windings are used to provide an almost sinusoidal electromagnetic field (emf) in the stator 
winding despite the nonsinusoidal (rather flat) PM flux density distribution in the airgap. Stator or rotor 
skewing may be added to further sinusoidalize the emf at the price of a 5 to 7% reduction in emf root 
mean squared (RMS) value for one stator slot pitch skewing. Sinusoidal emf requires sinusoidal shape 
current to provide, ideally, rippleless interaction (PM to winding currents) torque. 

The rather trapezoidal emf is obtained with three slots per pole (q = 1). If the PM airgap flux density 
distribution is flat in this case, trapezoidal distribution (ideally rectangular) current control is required 
to reduce torque pulsations between the commutation of phases. For rectified output PMSGs, the 
exploitation of the third harmonic in the emf can lead to increased power conversion; so trapezoidal emf 
may be adopted in some designs. 

In an effort to reduce stator manufacturing costs and the winding Joule losses, concentrated (non- 
overlapping) windings with q < 1 were adopted [9, 10]. 

The number of stator slots N,and the number of rotor PM poles 2p, are close to each other. The closer 
to unity is the ratio N,/2p,, the better, as the number of periods of fundamental torque at zero current 
due to PMs and slot openings is equal to the smallest common multiplier (SCM) of N, and 2p,. Also, 
the equivalent winding factor for the winding is large if the SCM is large. 

The nonoverlapping coil windings may be built in one layer or two layers (Figure 10.8a through Figure10.8c). 
The single-layer concentrated windings (Figure 10.8b) lead to only slightly higher winding factors (‘Table 10.1), 
but they imply longer end connections and, thus, longer stator frames in comparison to double-layer 
concentrated windings. The latter allow for a slightly less slot filling factor, as there are two coils in a slot 
and, inevitably, some airspace remains between the two coils [10]. 
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Overlapping 
end connectors 


Nonoverlapping 
Nonoverlapping end connectors 
end connectors 


(b) (©) 


FIGURE 10.8 Four-pole winding layouts for permanent magnet synchronous generators (PMSGs): (a) distributed 
winding (q = 1); (b) single-layer concentrated winding; and (c) double-layer concentrated winding. 


The winding factor is defined as the ratio of the resulting emf E,, per current path (or phase) divided 
by the product of the number of coils N,, to their emfs E.: 


k “e (10.1) 
i 10.1 
Ww 
NE, 


Values of ky, 0.866 compare favorably with distributed windings. There are some side effects, such 
as the presence of both odd and even harmonics in the stator three-phase mmf. As such, harmonics 
count as leakage flux if they lead to an increase in the leakage inductance per current path (or 
phase). Some single-layer concentrated windings produce subharmonics that create additional core 
losses and further leakage inductance increases. This is not so, in general, for double-layer concen- 
trated windings [10]. 

The cogging torque number of periods is given by the SCM of the N, and 2p,. Some representative 
data are given in Table 10.2. As can be seen by comparing Table 10.1 and Table 10.2, the maximum SCM 
does not always coincide with the maximum winding factor; thus, a compromise between the two is 
required, with the latter being more important. For N,/2p, = 15/14, 8/9, 12/10, 12/14, 18/16, very good 
results are obtained. 
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TABLE 10.1 Winding Factors of Concentrated Windings 


2p — Poles 
2 4 6 8 10 12 14 16 
N, Slots + ++ * od * > * oa * co * od * oa * oa 
3 + 0.86 * * * * * * * * * * * * * * 
6 * * 0.866 0.866 7 % 0.866 0.866 0.5 0.5 * 3 > ¥ is 7 
9 - = 0.736 0.617 0.667 0.866 0.960 0.945 0.96 0.945 0.667 0.764 0.218 0.473 0.177 0.175 
12 * * = * - * 0.866 0.866 0.966 0.933 ? ‘ 0.966 0.933 0.866 0.866 
15 * * i 3 0.247 0.481 0.383 = 0.621 0.866 0.866 0.808 0.906 0.957 0.951 0.957 0.951 
18 % % * * = ~ 0.473 0.543 0.676 0.647 0.866 0.866 0.844 0.902 0.960 0.931 
21 * * - * - * 0.248 0.468 0.397 0.565 0.622 0.521 0.866 0.866 0.793 0.851 
24 i * * * * * as Z 0.930 0.463 a * 0.561 0.76 0.866 0.866 


Note: * = one layer; ** = two layers. 
Source: Adapted from F. Magnussen, and C. Sadarangani, Winding factors and Joule losses of PM machines with concentrated windings, Record of 
IEEE-IEMDC-2003, vol. 1, 2003, pp. 333-339. 
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TABLE 10.2 Smallest Common Multiplier (SCM) of N, and 2p, 


2?) 

N, 2 4 6 8 10 12 14 16 
3 6 12 * * * * * * 

6 - 12 . 24 30 m * . 

9 ~ 36 18 72 90 36 126 144 
12 > 7 7 24 60 7 84 48 
15 * * 30 120 30 60 210 240 
18 ‘J * * 72 90 36 126 144 
21 a‘ * > 168 210 84 42 336 
24 - = it 120 * 168 48 


A large SCM means that, in general, low cogging (zero current) torque is obtained without skewing. 
A few percent (5 to 7%) output is saved this way. 

As the number of poles 2p, is increased, with N, = 2p,, both the winding factor and the SCM increase, 
securing good performance. This means that for some low-speed applications, concentrated windings 
are definitely favorable. 

By adequate rotor geometry, the emf may be made quasi-sinusoidal, and thus, vector and direct 
torque control are feasible. However, when the airgap has to increase due to mechanical reasons (higher 
diameter, etc.), the tangential fringing flux of the PMs tends to increase, reducing the emf. Poor 
utilization of PMs takes place, and reduced output is the result. When the slots are thin (in small 
torque machines), there may not be enough mmf per slot to secure high torque density. With these 
limitations in mind, concentrated windings may represent a practical solution to high-performance 
PMSGs in various applications. 

The Gramme-ring windings in Figure 10.7 may be assimilated to a single-layer concentrated or 
distributed winding by making adequate connections of coils. 

Note that so far, we considered the stator cores as being made of single, stamped laminations. For 
outer stator diameter above 1 m, the stator core has to be made from a few sections, as is usually the 
case with SGs (Chapter 5). Modular stator cores are plagued with noncircularity eccentricities that create 
additional losses, torque pulsations, vibration, and noise. 


10.3 Airgap Field Distribution, emf and Torque 


The airgap field in PMSGs has two main sources: the PMs and the stator mmf. 

The presence of slot openings and magnetic saturation, together with the rotor PM geometry, makes 
the computation of airgap field in PMSG a complex problem, solvable as it is only by two-dimensional 
(2D) or three-dimensional (3D) finite element method (FEM). 

However, at least for surface PM pole rotors, the influence of magnetic saturation may be neglected 
unless very high current loading is allowed for, in very high torque density designs. Once magnetic 
saturation is neglected, the superposition of PM and stator mmf fields in the airgap is acceptable. 

Moreover, the effect of stator slot openings on airgap field distribution may be added by introducing 
a P.U. (relative) airgap performance function A(), variable with angular position along the stator surface 
(Figure 10.9). Consequently, a 2D analytical field model may be used to calculate separately the PM and 
stator mmf produced airgap field distribution in the slotless machine, and then the slot opening effect 
can be introduced by multiplication with Ap (8): 


Box mmf (9) = Leia (o- 0.) : Any. (8) (10.2) 


PM ,mmf 
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FIGURE 10.9 Position angles with rotor in motion. 


where 0, is the rotor displacement, and @ and 8, are taken in electrical degrees or radians. Complete 2D 
analytical models could be built for the unsaturated PMSG with surface PM pole cylindrical rotors. 

For the axial airgap (disk-shaped rotors), a similar 2D theory in the axial (z) and in polar coordinates 
(6,, 8) may be developed, while the variation of variables in the radial direction, 1, is handled by an 
additional P.U. coefficient A, (r). A quasi-3D analytical model is thus obtained. A complete 2D analytical 
model for a cylindrical rotor is introduced in Reference [11] and pursued further in Reference [12] for 
cogging torque and emf computation. For the disk-shaped rotor case, a quasi-3D complete analytical 
model is introduced in References 13 and 14 with emf and cogging torque thoroughly documented. In 
both cases, the PM equivalent mmf and the stator mmf distributions are decomposed in Fourier space 
harmonics, and superposition is applied afterward. 

As these analytical models are fairly general, and could handle both distributed and concentrated stator 
windings, we will treat these here in some detail in view of their potential application to design optimi- 
zation attempts. 

The equivalent circuit for phase a in stator coordinates is shown in Figure 10.10. Core losses are 
neglected. E pu, Tepresents the PM-induced voltage (emf) in phase a which, evidently, is a bipolar motion- 
induced voltage that varies with the rotor position: 


N, /3 


E =) w, B u (10.3) 


PM c PMi- Lack : 


i=l 


R - phase resistance 


Ly - leakage inductance 


FIGURE 10.10 Steady-state phase equivalent circuit. 
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where 
lrack 18 the stack 

u is the peripheral speed 

Bpyj is the PM average flux density at slot i of phase a 

W, is the number of turns per coil 


N, is the stator slots 


E,» E,y and E,, are the self-induced and mutual-motion-induced voltages in phase a. They are produced 
by the stator currents: 


N,I3(_N, 
E = ) W.-BY-l eu 
aa c cij stack 
i=l \ j=l 
N,B( N, 
— . ia . . 
E,= ° { ; Ms Boi Lack i (10.4) 
i=l \ j=l 
N,/3(_N, 
E = ) ) W.-Be-l eu 
ac c cij stack 


where Bri is the average instantaneous magnetic flux density produced by coil i of phase a at slot j of the 
same phase a. B?. i? » Br are the average instantaneous magnetic flux densities produced by coil i of phase 
b(c) at slot j of phase. a That is, mutual stator emfs £,,> £,,> £,, vary with rotor position if inset or interior 
(or variable reluctance) rotor poles exist. 


When considering the following, the approximations in Figure 10.1la through Figure 10.11d are 
operated: 


+ PM magnetization harmonics 
* Current sheet distribution of a coil 


+ Stator slot openings 


The rectangular PM magnetization (Figure 10.10) may be decomposed in Fourier series: 


sin(nma /2) 
M(6,)= en a: 3 cosnp,0, (10.5) 


Ponta /2 
n=1,3,5 P 


where 
a, = T,,/T is the magnet/pole pitch ratio 
P, is the pole pairs 
B, is the remnant flux density of the PMs 
0,= 0-6, 


The stator current sheet produced by a coil (Figure 10.11b) may also be approximated in Fourier 
series: 


1(0)= yt sin cos(n-(0—1,/2)) (10.6) 
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(©) (d) 


FIGURE 10.11 (a) Permanent magnet (PM) magnetization, (b) current sheet, (c) slot flux line ideal distributions, 
and (d) A P.U.(6). 


where 
i is the instantaneous current in the coil 
w, is the slot opening 
R, is the interior stator radius 
T. is the coil span angle 


The relative airgap permeance (Figure 10.11c) Apy(@) may be determined by considering semicircular 
flux paths in the slots with radii equal to the shortest distance to tooth edges: 


A, ()=———_ (10.7) 


Away from slot openings, 1, is unity and, in front of slot openings, has a variable subunity value, 
dependent on w,, which is the distance to the closest slot edge. For semiclosed slots, w, refers to the slot 
opening of the airgap and not to the actual slot width, and thus, the airgap permeance pulsations with 0 


are notably smaller, as expected. 
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Making use of Equation 10.2, the expressions of Bees (Q— 0.) and Bo O 0,) are obtained with 
Equation 10.5 and Equation 10.6 and the 2D field model [11]: 


Yes sin St Pp 
Bebotless (g fa) )= 4. B. . 1 

PM 

n=1,3,5 (np,)° 1 


(np, -1)+ i —(np, +1): _ ie 


: 10.8 
y+ R, 2np, u,-1 Ry 2np, R, 2np, ( ) 
ela) ae)” le) 


np,-1 np, +1 np, +1 
r R,, R,, 
. : | (3 | | ; cos np,(@—6,) for p, #1 


where j/, is the P.U. value of PM permeability: 1.03 to 1.08. For np, = 1, Equation 10.8 has a zero 
denominator and should be changed to the following [11]: 


slotless r sin“ P 
Bs (g a= 2s —A 


n=1,3,5 H, 


| | . (10.9) 
(lel elle) 


. eas * ooo 6) 


For the interior rotor, 


R,=R,-g; R.=R,-g-h, (10.10) 
while for the exterior rotor, 
R,=R. +g R=R +gt+h, (10.11) 


Consequently, Equation 10.8 and Equation 10.9 have to be modified, as now R, < R, < R,,: 


“| B osin-? 
Be 0,)= >» 4. f. DTS. Zt ‘ 
n=1,3,5 H, 7M. (np, ) = 


2np, np, 
(np, -(] +2 ‘| —(np, +1) 


2np, 2np, 2np, 
+1 ae R, ue u,-1 R, _ Ry, 
foe ps -eP 
- np,-l R pi R np +1 
Nae + 5 es cosnp,(@—@,) for np, #1 


The above expressions account for the rotor curvature and should be particularly instrumental for low 
rotor diameter (low torque) PMSGs. 


(10.12) 
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The armature reaction flux density in the airgap, produced by a single stator coil with its sides placed 
in slots k and J, is as follows [12]: 


(1+(2)") (10.13) 


-cos(n(@-T.. 


For external rotors, a similar formula could be obtained with “ instead of +, % instead of aa and a 
instead of y — : 
Ultimately, both PM and mmf airgap flux density expressions in Equation 10.9 and Equation 10.10 
have to be multiplied by the P.U. airgap permeance function A, ,,(@) of Equation 10.7 with the contri- 
butions of all coils for each phase added up (Equation 10.3 and Equation 10.4). 
Denoting by E,, E,, and E. the total emf per phases a, b, and c, the electromagnetic torque T, is, simply, 


@ 


(Ei +Ei+Ei) U 
L= aa a (eae “ps ae. eae 2 (10.14) 


1 m 
The instantaneous electromagnetic torque includes the interaction torque between the PM flux and stator 
current and the so-called reluctance (no PM) torque. 
The torque at zero current (cogging torque) is not, however, included in Equation 10.14. The cogging 
torque is, in fact, produced by the tangential forces on the slot walls: 


N. 
es Tack, : 2 2mm 
rae], (29, on, (10.15) 


m=1 : 


&,,=0 and ssg = 0 outside the slot opening; g, =w,+g and ssg= 1 on the left side of the slot opening; 
and g, =w,+g, and ssg = —1 on the right side of the slot opening. 

Typical results that compare PM, mmf airgap flux densities, cogging, and total torque obtained from the 
analytical model and from 2D FEM are shown in Figure 10.12a through Figure 10.12d [12]. The 2D analytical 
model looks adequate to describe airgap flux density pulsations due to slot openings both for the PM and 
armature contributions. Also, it correctly portrays the cogging torque and the total torque variation with 
rotor position (or with time). Any shape of current waveform can be dealt with through its time harmonics. 

The model, however, ignores magnetic saturation and cannot directly handle inset or interior PM 
rotor configurations. 

As already alluded to, a similar quasi-3D analytical model was developed for disk-shaped (axial flux 
PM rotor configurations [13, 14]. 

The 2D analytical model for the axial airgap machine is developed in the axial circumferential coordinates 
(z, @— 0,), while the correction for the radial direction is handled [13] as follows (Figure 10.13a and Figure 10.13b 


sir)=—{tan(r R_)/a)-tan"'((r—R,,)/a)] (10.16 


with R,; and R,, the inner and outer PM radii, and 


a=Q(R,,—R,,)/tan(Bx/2) (10.17 


with @ and f as correction coefficients. By making the computations for 15 to 20 values of the radius 
and averaging them, while taking into account that the pole pitch t and the PM span T,, vary with radius 
r, similar results may be obtained. 

The emf and cogging torque waveforms obtained through such a model [14] are compared with 3D 
FEM results (Figure 10.14a and Figure 10.14b). There is some 11% difference between analytical and 3D 
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FIGURE 10.12 Analytical vs. finite element method (FEM) airgap flux density distributions and torques for sinu- 
soidal current: (a) permanent magnet (PM) flux density, (b) armature flux density, (c) cogging torque, and (d) total 
torque. 


PMs 


Solid rotor disk 
(a) (b) 


FIGURE 10.13 Disk-rotor permanent magnet synchronous generator (PMSG) model: (a) two-dimensional geom- 
etry (z, @-@,) and (b) radial (third) dimension r. 
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FEM results, probably due to the fringing flux through stator slot necks which is neglected. Unfortunately, 
this fringing (leakage) PM flux may be calculated only through FEM. FEM-based corrections for fringing 
are possible in an iterative way or through applying a fudge factor from experiments. The same assertion 
should hold for the cylindrical rotor analytical model. The situation is delicate, especially with small slot 
openings. 

Note that while a complete 2D (3D) analytical field model was developed for both cylindrical and 
disk-shaped rotors, its Fourier series nature makes it useful for design optimization (Figure 10.14a and 
Figure 10.14b). It is still a bit too complicated for preliminary design, when a more simplified circuit 
model with analytically defined parameters is required. Finally, the 2D (3D) FEM may be used for model 
design optimization. 

But before dealing with the circuit model, let us explore first cogging torque details and core loss 
modeling, as they make use of FEM, also, in advanced representations. 


Induced voltage (V) 


— Analytical with leakage fluxes 
—e Analytical without leakage fluxes 


0 30 60 90 120 150 180 210 240 270 300 330 360 
Electrical angle (deg) 


(a) 


Cogging torque (p.u.) 


6 
6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 
Electrical angle (deg) 


(b) 


FIGURE 10.14 Disk-shaped rotor permanent magnet synchronous generator (PMSG) by three-dimensional ana- 
lytical vs. three-dimensional finite element method models: (a) electromagnetic field (emf) waveforms and (b) 
cogging torque. 
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10.4 Stator Core Loss Modeling 


There are two ways to approach the complex problem of stator core losses in PMSGs. The first approach 
starts with a simplified flux distribution and a simplified core loss formula and eventually advances to 
using FEM for refinements. 

In the second approach, FEM distribution of flux density evolution with time is considered in each 
core volume element, which gives stator current/time waveforms. Then, the hysteresis and eddy current 
losses are added up to obtain the total core losses by again using some simplified core loss formulas. 

Recent research efforts showed that not only is the flux density not sinusoidal in time at a point in a 
stator core, but also its vector direction changes in time at that point, more in the yoke and less in the 
teeth. This way, the traveling component of flux density time variation was proven to be important in 
computing the core loss. The data from AC magnetization (from Epstein probe) have to be corrected 
with the eddy current losses due to rotation. The presence of slot openings and the distribution of 
windings in slots lead to time harmonics in the stator core flux density, even for distributed windings 
and sinusoidal currents at constant speed. Also, the on-load core losses tend to differ from no-load core 
losses; thus, the simplified core loss standard formulas [3, 5] may be used only in very preliminary design 
stages. The presence of slot openings and the distribution of windings in slots lead to time harmonics 
in the stator core flux density, even for distributed windings and sinusoidal currents at constant speed. 
Finally, the importance of “rotation” on core loss tends to increase for concentrated windings in com- 
parison with distributed windings. 

All of these aspects tend to suggest that a realistic approach should start first with FEM core loss 
estimates, and then their curve fitting to even more simplified formula may be operated, for design 
optimization tasks. 


10.4.1 FEM-Derived Core Loss Formulas 


It has been known for a long time that the combined alternative and traveling fields produce more core 
losses than alternating fields of the same frequency and amplitude. The quantization of this phenomenon 
has not been, in general, taken into consideration. 

FEM has brought in a possibility to account for rotational field losses in core losses of brushless 
machines (Figure 10.15a through Figure 10.15e) [15]. In different points, such as a, b, c, d, e, the flux 
density has traveling field components of various values, depending on their locations in the stator teeth 
and yoke. Further on, at some points, the situation is different for given points for concentrated windings 
(Figure 10.16a and Figure 10.16b) [15]. 

It is evident that the short/long axis ratio c of the elliptical variation of B,/B, for each harmonic is 
different for distributed and concentrated windings (Figure 10.15a through Figure 10.15d, and 
Figure 10.16a and Figure 10.16b). 

For the distributed winding, the traveling field components (c > 0.3) are notable at the teeth bottom 
and in part of the yoke, while for concentrated winding, they also show up near the teeth top and 
throughout the yoke. Larger core losses are expected for concentrated windings. A general FEM-derived 
formula for total stator core losses is of the following form [15]: 


Be if 
P,,- total >» Dy é {Se mii + E wdy [x 100 J mii (1+ YC; ) (10.18) 


where 
j is the order of the flux density time harmonic 
i is the finite element number 
g; is the mass of i finite element 
fis the frequency 
yis a correcting constant 
c is the short-to-long axis ratio of field vector hodograph in element i for the harmonic j 
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B(T) 


Stator 
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point a 
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Order of harmonics 


(e) 


FIGURE 10.15 Distributed winding interior permanent magnet synchronous generator (IPM-SG) core flux density: 
(a) the points a, b, c, d, and e, (b) flux density vector hodograph in point a, (c) elliptical variation for each harmonic, 
(d) short to long axis c coefficient, and (e) harmonics spectrum of flux density. 
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(“\ 


(a) 


(b) 


FIGURE 10.16 Concentrated winding interior permanent magnet synchronous generator (IPM-SG): (a) cross- 
section and (b) distribution of short to long axis rate c. 


In case stator current time harmonics are considered, the same formula is applied for each current 
harmonic frequency. 

Comparison between experimental losses and calculated ones by conventional (analytical) models 
and Equation 10.18 — for the distributed and concentrated windings — are shown in Figure 10.17 
and Figure 10.18 [15]. 

The increase in precision by considering traveling field components is evident. 


Also, the contribution of harmonics in core losses is shown in Figure 10.19 and Figure 10.20 for 
sinusoidal current. 


Distributed winding IPMSM 
—@— Conv. method I=4A, B= 20° 
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FIGURE 10.17 Core loss evaluation for distributed winding with load. 
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Concentrated winding IPMSM 
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FIGURE 10.18 Core loss evaluation for concentrated windings with load. 


As expected, the third flux density harmonic is responsible for about 25% of core loss for the concen- 
trated winding. Extending the use of concentrated windings at high speed should be done with care, as 
core losses tend to be larger than those for distributed windings. 

Alternatively, by adding the core loss of radial and tangential flux density time variations in each finite 
element for N samples in a time period and over all finite mass elements and separately for eddy currents 
and hysteresis losses, another total core loss formula may be obtained [16]: 


m N kt pk kt pk 

g; BY -B Bo -B 

ee = > { ; K. + : : 
N At At 


(10.19) 


where 
At is the sampling time (there are N sampling times in one period T ) 
Be Bi are the radial and tangential instantaneous flux density components in element i 
B" , B" , are the amplitudes of radial and axial flux densities in element i for the hysteresis cycle j 
k,, k, are experimental constants from the Epstein frame obtained from the slope and intercept 
variation of core losses/frequency vs. frequency straight line 


Equation 10.19 may also be applied for the computation of rotor core losses. 
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FIGURE 10.19 Flux density harmonics contributions to core losses (distributed winding). 
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FIGURE 10.20 Core loss harmonics breakdown for concentrated winding. 


The FEM-derived formulas account for actual flux density evolution in all parts of the magnetic circuit, 
either for no-load or for on-load conditions. Also, the case of rectangular or sinusoidal current waveforms 
may be treated with the same method. 

Finally, IPM or surface PM rotors can be accommodated by simplified formulas. 


10.4.2 Simplified Analytical Core Loss Formulas 


Analytical core loss formulas for stator core loss in PMSGs were derived first for distributed windings 
and sinusoidal currents. It was implicit that the flux density varies sinusoidally in time in both stator 
teeth and yoke, and also, that their value is the same in all points of the core. Both these approximations 
are coarse, as seen in the previous paragraph. The no-load core losses were evaluated first. A simple 
formula that even ignores the hysteresis losses is as follows: 


P,, [kg =~ 2.8-k, -@?-By (10.20) 


By is the peak flux density in the airgap. As this formula cannot discriminate between lightly saturated 
or heavily saturated teeth and yoke designs, it is somewhat surprising that it is still mentioned in the 
literature today [5]. But as long as the core losses are notably smaller than copper losses, notable errors 
in the former do not produce design disasters. This is not so in optimized designs, where winding and 
nonwinding losses tend to be of about the same value, or in high-speed PMSGs. 

For q = 1 distributed windings and rectangular current, the PM airgap flux density distribution 
produces different, linear, flux density variations in the stator teeth and in the yoke (Figure 10.21) at no 
load [3]. The total eddy current loss formula at no load for such cases is of the following form: 


2(w,+w.)? a2 
Pie ey | (10.21) 
eddy np 


a w? p-hys* 
where 

R is the rotor radius 

w, is the tooth width 

w, is the slot width 

hys is the stator yoke radial thickness 

P, is the pole pairs 

@ is the electrical fundamental frequency 

B, is the peak flux density in the airgap 
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FIGURE 10.21 Ideal teeth and yoke flux densities variation with rotor position for rectangular airgap flux density. 


A rough approximation of Equation 10.21 is as follows [16]: 
2 A2 
Py, ~6°k,-| @ Bg (10.22) 


Equation 10.20 and Equation 10.22 show that the rectangular airgap flux density in the airgap is char- 
acterized by notably larger core loss than a sinusoidal one. Consequently, when core loss becomes 
important, sinusoidal airgap flux density distribution should be targeted. In the above analytical expres- 
sions, the armature reaction field was not considered. In heavily loaded and, especially in IPM rotors, 
such an approximation is hardly practical. 

Also, it is to be noted that eddy current core losses depend on the flux density waveform (or its variation 
velocity). The hysteresis core losses depend essentially only on the peak values of flux density. This is 
how simplified analytical formulas for eddy current and hysteresis core loss for rectangular flux density 
variation in time and IPM-SG on load were derived [17]: 


P aay = ai f ane ( 10.23) 
k et( dB, ) 2{ 4 : 
G (0) oe Ae Gg 
Pom [KS = a =| dt =k, : 2 (6.78. -Biewa, +B, sin a, 
(10.24) 
a2({ @ —sin2a a2( a +sin2a 
+ Ba| ——— |+ B, | + 
2 2 
2 
ke k,| Ro > x2 sin2p,a 
Fiyote KE ~ pais 2p,a(B,,, + B,,,) + Ba Pee 
(10.25) 


~2( 2p,o—sin2p,at p,6+sin po 
+ By = 


4(B.,, +B, \Ba sin ne] 
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where 
B.,, is the PM airgap flux density 
Bin is the peak airgap flux density at the rotor surface 
Ba is the peak airgap flux density due to d axis current 
B, is the peak airgap flux density due to q axis current 
a is the pole magnet mechanical angle 
@,, = p,(a—B/2) 
B is the slot pitch mechanical angle 
R, is the stator interior radius 


Finally, the hysteresis losses are expressed by the usual formula: 
A2 
re /kg =k, -@, + By,y (10.26) 


Though expressions such as Equation 10.24 through Equation 10.26 tend to account for the load 
(armature reaction) influence on core losses, they still cannot discriminate directly between designs with 
various teeth thickness (geometry) or local magnetic saturation effects. However, as shown in Figure 
10.22 [17], the load has a strong influence on stator core losses. In terms of core losses, FEM verifications 
at the design stage are highly recommended for critical operation modes. Experiments should follow 
whenever possible. 

Note that it was suggested that core losses be represented in the circuit model of PMSG by an equivalent 
resistance R. of the following form: 


2 72 
1 3 
R=——— ol (10.27) 
+ 
R D1 Thys Fe total 


eddy 


Eva 1S the total emf in the d-q model of PMSG. The term @, accounts for the hysteresis loss linear 
variation with frequency. E,,,,; is also proportional to frequency. Eddy current core losses are proportional 
to frequency squared. Such formulas should also be used with care, as, in fact, R,gg, and rj, vary in turn 
with load conditions, and so forth. 
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FIGURE 10.22 Core loss vs. load at 2500 rpm for a four-pole three-phase 600 W interior permanent magnet (IPM) 
synchronous machine. 
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For transients, it seems better to neglect stator core losses, while for steady state, it is more practical 
to add them, after their FEM computation or measurement, to estimate efficiency or temperatures in 
the machine. 

Note that rotor losses were mentioned only with respect to rotor core and in relation to FEM. In 
principle, eddy currents occur in the PMs due to armature field space harmonics. In high-speed machines, 
they are notable [26]. 


10.5 The Circuit Model 
10.5.1 The Phase Coordinate Model 


In essence, the circuit model of a PMSG starts with the phase voltage equations in stator coordinates: 


ay 

iR-V =-—+ 

ass a dt 

av, 

jvaue ear? (10.28) 

ay. 

iR-V =-——+ 

cs c dt 
ne L, + L,,(9,,) Ly (0.,) L,,(,,) i, ‘Pema (0.,) 
¥, Pa L,,(9,,) L, +L,,(8,,) L,.(8,,) ; i, + ‘Pome (0.,) (10.29) 
¥. L., 7) L,. (6,,) L, + L,.(6,,) i, Pvc 9,,.) 


where @, is the rotor PM axis angle to stator phase a axis/electrical angle. 

The self-inductance and mutual inductance of the stator depend sinusoidally on 6, only for IPM 
rotors, in distributed winding IPM rotor machines. For surface PM pole rotors, stator inductances are 
independent of @,. However, the presence of slot openings introduces an additional dependence of stator 
inductances on N.6, (N, is the number of stator slots) for IPM rotors. 

For concentrated windings, the stator self-inductance and mutual inductance perform in a similar 
way, with respect to rotor pole configurations, but their values tend to be larger than for distributed 
windings and equivalent machine geometries. However, the end-turn leakage inductances are notably 
smaller for concentrated windings. 

The PM flux linkages in the stator phases ‘V 
they also contain space harmonics. 


(0,,),‘P .)» and Y,.,.(0,,) are either sinusoidal or 


PMa PMb (0 


The trapezoidal distribution may be considered this way: 


0,)+¥ 26, -7,)+¥ 30, =) F cssseeee (10.30) 


Ayal er Poul a ek 


The even harmonics occur only with PM pole shifting, adopted to reduce cogging torque. Also, space 
subharmonics may occur. They have to be avoided for practical designs. 
For surface PM pole rotors, the general expressions of E,,,E,,,E,., and ‘Yo_a developed earlier may 


be used to calculate LL a> Caen? esa? © paa? (i, =1,= =0): 
E E E IE 
Loe SS se LS Nae 10.31 
‘aah Qi ‘abh i) . cah wi PMa i) ( ) 
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The analytical method in Section 10.2 may be applied to estimate all parameters in Equation 10.29 and 
Equation 10.30 for distributed and concentrated windings for surface PM pole rotor configurations. 
FEM field distributions may produce even better values for inductances and ‘¥ (0,.) expressions, 
and they are also recommended for IPM rotors. 
The instantaneous interaction torque expression, in the absence of magnetic saturation, is as follows: 


PMa,b,c 


T= ow, (10.32) 
“00 ; 


er 


be, pets, sss, oy - sf e 
Ws = 2 Laantg + 2 Lindy + 2 Lil, + Lntaly + Lyaty!, + Lanta 


(10.33) 
+ (6.1 +'¥ 


PMa \“ er’ a PMb 


(0, ji, +P py, (9, IE. 

Though it is feasible to use the phase coordinate model, especially for complex digital simulations in the 
presence of static power converters, and, even for trapezoidal emf distributions, the d—q model is preferred 
when simpler models for control design are required. The PM flux linkage harmonics are introduced to 
simulate its departure from a sinusoidal distribution. 

The d—q model with emf (PM emf) space harmonics operates as a general tool for design and control, 
for both sinusoidal and trapezoidal emf and distributed or concentrated windings, either for surface pole 
PM or for interior PM rotor pole configurations. For concentrated windings and IPM pole rotors, 
sinusoidal PM flux linkage distributions are targeted, and again, the d—q model is feasible. 


10.5.2 The d-q Model of PMSG 


The d—q model is based on the assumption that the stator self-inductance and mutual inductance are 
either constant or vary sinusoidally with the rotor position (20,). In general, the PM flux linkages 
VY eave Os) in the stator phases also vary sinusoidally, but with 6. Eventual harmonics in asl Oe) 
may be treated in the d-q model also, and they are expected to create time pulsations in the torque with 


sinusoidal currents at speed and frequency @,=@.: 
L, +L, +L, cos20 M, +L, cos(26 +20) M, +1, cos(26 2] 
SI er er 3 er 3 


IL,,-(9,, 1=|M, +L, cos{ 28, + 2x L,+1,+L, cos{ 28, - 2x M, +L, cos20,, 


M,+L, cos{ 20 2] M,+L, cos20 Ly +1, +L, os(26 +2) 
er 3 er ‘SI er 3 
L aa oA 
M= an: for distributed windings (10.34) 


For PM machines, L, <0, as they have the PMs placed along axis d and exhibit “inverse saliency,” in 
contrast to standard synchronous machine excitation: 


eure (8.,) or 
Yop 9.) = YP oa cos(4, —— |ters (10.35) 
Bagh) 
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The matrix form of the phase coordinates model is as follows: 


dW, bic 
Be R, belo az : (10.36) 
Ee is = L,,(8,,) isnalt Y prtane(On,) (10.37) 
The Park transformation P(@,) is used to derive the d—q model: 
cos(—0_) co{-8 2) co{-8 2) 
er er 3 er 3 
|P@,)|==/sin-6,) sin) -0,+= | sinf -0, -* (10.38) 
er 3 er er 3 er 3 
u 1 u 
2 2 2 


The Park transformation from stator to rotor coordinates is, in Equation 10.38, valid for the trigonometric 
motion direction and axis q in front of axis d by 90° (electrical degrees) (Figure 10.23): 


i, i, 

i,|=P@,)|i, (10.39) 
i i, 

0 


The same transformation is valid for ¥, .,V 


; ; : , ago” ag" 
Finally, for sinusoidal ‘¥ pee Ge) distributions, 


1, R-V,=-L di, Li 
1 sd Lue oe aa 


(10.40) 
di 
iR-V =-L —-@(Li,+¥ 
qs q q dt r\~dd 


a) 


FIGURE 10.23 Three-phase to d—q transformation. 
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with 


Ker esTe, Fy Ponti Y=), 
_ ; (10.41) 
Vee VY, is=1,+ ji, 
The so-called space-vector (or complex variable) model of a PMSG is obtained: 
of ea -jo’: (10.42) 
s dt r 
The torque is obtained from power balance in Equation 10.37: 
223 eo. 3 ere. oat 
T,= tS PREF sis)= wiih aa ¥ i= 5 PP oan +(L,-L,)i,)i, (10.43) 
Also, 
3 3 
L,=L,+5 (LIL) L,=L,+ 5H) (10.44) 
The winding losses P.5,., are as follows: 
Pe = 5R(2 +22) (10.45) 
copper Qs d q ° 


The expressions in Equation 10.40 lead to the d—q circuit model in Figure 10.24, where the association 
of signs corresponds to motoring. For generating, i, changes sign (is negative) and so does the torque. 
The corresponding general vector diagrams for motoring and generating are shown in Figure 10.25a and 
Figure 10.25b. 

Under steady state, s= 0 (rotor coordinates), and the circuit model and vector diagram further simplify. 

For steady state and sinusoidal phase voltages, 


: 20 
Vine = vivbeof{ wt] (10.46) 
ig R, sLa a) ee shy 
SV VAY, (YYYN pA\\\ fYYYN 


Va W,Lgig (+) Vy w,.(Lgig + Pou) G) 


FIGURE 10.24 d-—q equivalent circuits of permanent magnet synchronous generator induction machine (PMSGIM). 
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(b) 


FIGURE 10.25 General vector diagrams of permanent magnet synchronous generator induction machine (PMSG): 
(a) motoring and (b) generating. 


According to the Park transformation, where 0, =@ t+, (o, = constant) and Figure 10.25b, 


V,=V,v2cos8,; a,=-[2+6,] 
(10.47) 


V; =—-V,v2sin@, 


6,, > 0 for motoring and 6, <0 for generating, or V, <0, V,>0 for motoring, and V, >0, V>0 for gen- 


erating. Also, i, <0 andi, >0 for motoring, and i, <0 for generating. The power factor angle 0< @, < 90° 
for motoring, and ¢~, > 90° for generating. To produce reactive power in generating, p, >180°. 
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Example 10.1 


Consider a surface PM pole rotor PMSG with R, = 10, L,= 1, = L, = 0.05 H, Wp, = 0.5 Wb, and 
P, =2 pole pairs that have to deliver power into a three-phase resistance of R, = 10Q/phase at the 
speed n, = 3000 rpm. 


Calculate the phase voltage, current, and power delivered to the load resistance. Also, the voltage and 
current power angles 6, 6,; justify the results. Change the load resistance to obtain more output power. 


Solution 
The symmetric three-phase load may be transformed into a d—q load, maintaining R, = 10 Q. 


Thus, the generator turned Equation 10.35, for steady state, is as follows: 


i(R,+R,)=@,L,i, (A) 


+L,i,) (A) 


i(R, +R, )=-O.(P vn 
3000 
Q. = 2m p,n, = ace ae 2007 


Equation (A) allows us to calculate ig, i, 


i,(1+10) = +2007-0.05-i, 
i (1+10)=-2007-(0.5+0.05-i,) 


i,=-89A i, =-3.12A 
q 


As the d—q voltage equation was written for motoring, 


V,=—R,i, =—10x(-8.9)=89 V 


Ve Ri= 10x (—3.12)= 31.2 V 


The phase voltage (RMS) V, is as follows: 
“+ IV: ;+V) = sz V8" +312? = 65.88 V 


Also, 


1, = ith =z | Js? 43.12? =6.688 A 
The active power, for resistive load P.,,,, is as follows: 


=> 5 Vii FV, i,) = 3: Vy, = 3-66.88 x 6.688 = 1342 W 


out 
The no-load voltage per phase E,j,as. (RMS) is as follows: 


oV . 
E._ (RMS)= 2e~ em = 2007-05 _ 459.695 V 


2 V2 
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The internal voltage power angle 6,, (Figure 10.25b) is as follows: 


Vv -8.9 
st Vd gant OP). a9 gee 
V. 12 


The voltage power angle 6,, should be equal to the d—q current power angle 6,, as the load power 
factor is unity (resistive load): 


i 
6,=-tan'—“=-tan™ ae -70.68° 
: 31.2 


The “gigantic” voltage regulation (from 222.695 to 66.88 V) is due to the too large L, = L.. This 
implies a machine that is too small for the load resistance in consideration. 


This fact is certified by |i,|> li} 


Besides resistive loads, diode rectifier loads are also characterized by almost unity power factor, 
but in this case, the diode commutation process further reduces the rectified voltage as the 
load increases. 


The vector diagram for the case in point is shown in Figure 10.26a and Figure 10.26b. 
Changing the resistance load to a larger value R, = 30 , we obtain the following: 


—1007 


1,=7> = 79.06 A 1=-5A 
31° q 
[+107] 


10” 


Again, 


L= alaek = 5 \(-5.06)? + (-5)? = 5.03 A 
The phase voltage (RMS) V, is 
V,=R, -I, =30x5.03=150.90 V 
The output power is as follows: 


P= 3V1, =3-150.90 5.03 = 2277 W 


out 


A large load resistance per phase led to more output power, as phase voltage ended up larger. 


The voltage power angle 6, is now 


5, =5, =-tan? “4! =-tan™ aT 24550 
: i (—5.00) 


q 


This is about the maximum power that can be delivered by the machine to a resistive load, 
as I, =I (L, = L,)- 


Now the result is more reasonable, but the voltage regulation is still large. Moreover, as rated voltage 
power angles range around 6,, = 30°—35°, the rated voltage regulation runs in the range of 30%, 
which is reasonable for a synchronous machine, even with surface PM pole rotor. 
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ba = (Laig a Yomi) + jligig 


(a) 


150 


100 


50 


(b) 


FIGURE 10.26 (a) Unity power factor generator vector diagram for the case in Example 10.1 and (b) voltage vs. Re. 


10.6 Circuit Model of PMSG with Shunt Capacitors 
and AC Load 


As visible in Example 10.1, the voltage regulation is notable even for surface PM pole rotor PMSGs with 
resistive load. IPM-SGs were proposed to make use of inverse saliency (L, >L,) to bring the terminal 
voltage back to the no-load voltage for a single (designed) load level. Capacitors in parallel or in series 
may be connected at PMSG terminals to compensate for increased machine required reactive power as 
the load level increases. 

Parallel capacitors are considered here (Figure 10.27). 

To model the PMSG plus shunt capacitors and load, making use of the d-q model, the capacitors and 
the load have to be transformed into the d—q model. 


© 2006 by Taylor & Francis Group, LLC 


10-34 Variable Speed Generators 


FIGURE 10.27 Permanent magnet synchronous generator (PMSG) with shunt capacitors and alternating current 
(AC) load. 


In phase coordinates, the capacitor and load equations are as follows: 


i -i 
WV ec a ( a sb, baad 


10.48 
dt C ( ) 


Vv 


a,b (10.49) 


<= —(R, +sL,)i 


a, sby scr 


The sign (—) written for motoring association of signs in Equation 10.48 reflects the fact that the PMSG 


d—q model is transformed into d—q rotor coordinates by using the inverse Park transform =(P(@,,)}F 
(Equation 10.38) to obtain [18]: 
_ 1 
sVj= ees, 
(10.50) 
SV, (I, ee ov, 
R 
SI i = d do a ql 
L L 
(10.51) 
1 R,. 
s|__ =-—V +@l1,-—i 
qL L q r dL L qL 
L L 
Now we simply add the PMSG d—q model equations derived in the previous paragraph: 
SP, =V,-Ri,+O,F, Fi =L,i, 
(10.52) 


s®, = Y i: Ri, - oF, Pi, = Lyi, + Poa 


The currents i, i, may be expressed as functions of VY , and ¥, and are thus dummy variables. The actual 
variables are I aan VaeVgt ag For steady state, s = 0 (rotor coordinates). While for surface PM pole 
rotors, L, = L, ~ const, for IPM rotors both L, # L, and ¥ ,,,, may vary with magnetic saturation. 

In Reference [19], it is assumed that Lol Pom depend on the stator current vector i, that is cross- 
coupling saturation is implicit and based on the assumption of two unique d—q axis curves. As both L, 
and L, decrease with i, the voltage regulation drops with increased loads. 

A maximum power point on the voltage/power curve is obtained. The shunt capacitors at constant 
speed move this maximum to higher values for even smaller voltage regulation as in Figure 10.28a and 
Figure 10.28b[19]. For constant L, = L, and  ,,,, parameters, Equation 10.50 through Equation 10.52 


yield straightforward solutions for VpV pt pial av bgt for given C, L,, R,, and @,. 
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Voltage (Vrms) 
Voltage (Vrms) 


0 200 400 600 800 0 200 400 600 800 1000 
Power (W) 
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400 600 
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(a) (b) 


FIGURE 10.28 Interior permanent magnet synchronous generator (IPM-SG) measured and calculated voltage/ 
power: (a) without shunt capacitors and (b) with shunt capacitors. 


When magnetic saturation is considered, an iterative solution is required to account for the curve- 
fitted L,G,),L,(,),P pwn @,) nonlinear functions [10]. 


10.7 Circuit Model of PMSG with Diode Rectifier Load 


Diode rectifiers are used in many PMSG applications both for DC loads with or without battery backup 
or as a first stage in dual-stage AC—AC pulse-width modulated (PWM) converters with constant frequency 
and voltage output, for variable speed. 

Let us consider here the case of diode rectifier filter and DC load (Figure 10.29). 

As the d—q circuit model of the PMSG with shunt capacitors was developed in a previous section, here 
we will add the diode rectifier filter DC load equations. 


The input and output relationships for lossless diode rectifier based on the existence function model 
[10] is as follows: 


Va = Va Say + Vy Siy tV Sey 


(10.53) 
T= 4,83 Ty =14.°S,3 I =I >5, 
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i lac Thac 
> > 


; SLi dc 


FIGURE 10.29 Permanent magnet synchronous generator (PMSG) with shunt capacitors, diode rectifier, filter, and load. 


The diode rectifier voltage and current switching functions are 


So Bol oy (i-1) =) i=1,2,3 
a,b,c 1 r 3 
(10.54) 
2V3 u ; 20 : 

S = —cos| — |-cos] @ t-(i-1)— ];_ 1=1,2,3 

a,b,c,V 1 Gg r ( } 3 

For steady state [20], 
20 LI 

cosu=1 te6 ie V_, — line voltage (RMS) value (10.55) 


V,,N2 ° 
The commutation angle increases with the rectified current Ij, and with increasing machine commu- 
tation inductance. In the absence of a damper cage on the rotor, L, =(L, +L,/ 2). So, from the point of 
view of lowering the voltage drop along the diode rectifier due to machine inductances, it is beneficial 
to place a strong damper cage on the PM rotor. The maximum ideal value of ut should be less than , (60°). 
Approximately, the rectified DC voltage V,,, is related to machine line voltage [20], under steady state: 
Vv we ey 


As the load was replaced by the diode rectifier, the shunt capacitor equations in d—q coordinates become 
as follows [19]: 


(10.56) 


sV ae = o,-V, (10.57) 


V,=V 7B col #) 
1 7 2 


dc 


The DC filter and load equations are added: 


1 
sr, are 
f 
il 
sV, C (Lh) (10.58) 
f 
1 
sl —\V, R I) 
Lac 
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Under steady state, s = 0; thus, all time derivatives are zero. With the voltage drop in the diode rectifier 

neglected, the load resistance R,,, may be seen as a star-connected phase AC resistance R, = 7R, in parallel 
: : : d 

with the shunt capacitors at PMSG terminals as follows: : 


I 
Pp = 2 
3R, =a be 


aio: Lac 


peak ea 2v3 
pho x 


(10.59) 


Due to diode commutation of machine commutation inductances (L,), the DC load voltage decreases 
notably with load [19], especially if L. =(L at L,/2) (no damper cage) when the speed (frequency) is 
large, as in automotive applications. 

With a more complete representation of a diode rectifier, the generator actual output voltage and 
current waveforms may be obtained [19] (Figure 10.30a and Figure 10.30b). 

The presence of shunt capacitors may generate a kind of resonance phenomena with quasi-periodic 
oscillations with bounded dynamics in the generator line voltage and current, especially for light load. 


6 6 
4 4 
2 2 
< < 
Ss 9 = 9 
2 2 
=) 32; 
~4 -4 
6 -6 
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 
Time (s) Time (s) 
150 150 
100 1004 
50 50 
= eS : 
0 
2 2 
= S 
—50 —50 
-100 -100 
~150 —150 
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 
Time (s) Time (s) 


(a) (b) 


FIGURE 10.30 (a) Simulated and (b) measured generator phase current and line voltage with shunt capacitor, diode 
rectifier, and direct current (DC) load: R, = 22 Q, n= 1350 rpm. 
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FIGURE 10.31 Oscillatory dynamics of permanent magnet synchronous generator (PMSG) with shunt capacitors 
and diode rectifier load: (a) generator line voltage, V,,; (b) generator phase current, i,; and (c) direct current (DC) 
load voltage. 


These oscillations are visible as amplitude variations in generator line voltage and phase current and in 
the DC load voltage (Figure 10.31a through Figure 10.31c) [19]. Special active or passive measures have 
to be taken to eliminate these oscillations. 


10.8 Utilization of Third Harmonic for PMSG 
with Diode Rectifiers 


A trapezoidal AC voltage (emf) is often suggested for increased output for PMSG with rectifier DC loads. 
Two different rectifier topologies, as illustrated in Figure 10.32a and Figure 10.32b, are of interest. 

For a purely sinusoidal system with n phases, neglecting the voltage drop in the rectifier, the ideal 
relationship between the AC and DC variables is as follows [16]: 


2n 
Vi= ) Vi= ae V, — peak phase voltage 
=] 
: (10.60) 


P/=P =V,I,=—V-I_ ; n—numberof phases 


dc ac dc” dc 1 1 ae, ne 
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Phase 1 


Phase 2 


Phase n 


(b) 


FIGURE 10.32 (a) Series (SRS) rectification and (b) polyphase (PRS) rectification. 


for the series rectification, and 


Va = —sin—V, 
T n 
(10.61) 
2 3/2 . 
P.. = V2(0 7 * 12 A 
v0 n rms 


for polyphase bridge rectification. 
The situation changes notably when a third harmonic component k,V, is present in the phase emfs 


of the PMSG. 
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For series rectification, simply, 


(10.62) 


2n K 
P=ViI,= 14¢— 1 V 
de de~ de 1 3 Moe A 


For the polyphase rectification, the third emf harmonic leads to multiple commutations, and thus, 
the DC output formulas are more involved [16] only for the voltage: 


n 
L,= t Ee, (10.63) 


There are basically five multiple commutation modes for polyphase rectification 0, 1, 2, 3, and 4 [16]: 


k 
Via = ze jin ano 2s) sin He aee sn om +sin30 inl =) Vi 
TE n n 3 n n 


Qn|. an, k,| . 3m, 
Vie Fe sin — sin + | sin id in} (10.64) 
1 n n 3 n n 
2 an, k, |. . 6 
Vigo (2cos@—1)sin e sin” + sin cose sn 
T n n 3 n n 
Qn|. _ 2a ki). 6m, 
Viee= eed in sin tf in | 
c u n n 3 n n 
with @ from 
: ma) . 0 : 3a) . 3a ot 
sin} @—-— |-sin—=k, sin} 20-— ]-sin—; —<0<6; n>5 (10.65) 
n n n n n 


The angle 6 is the offset angle of peak phase voltage value with respect to 7/2. It should be noticed that 
a three-phase system does not show crossover (multiple commutations). A six-phase system will exhibit 
crossovers. 

The power gain due to the presence of a third harmonic k,,V, in the PMSG phase emf is as follows [16]: 


‘ie 1+k,/3 (10.66) 
sain cos — k, cos36 : 
for constant peak voltage, and 
rms I+ k,/3 
pms — hk (10.67) 


for constant RMS voltage. 
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FIGURE 10.33 Power gain for three-phase rectification for constant peak voltage. The solid line represents series 
rectification and the broken line represents three-phase bridge rectification. 


For constant peak voltage, the majority of additional power is due to increases in the fundamental, 
while for constant RMS voltage, it is due to increased third harmonic. 

The highest power gain is obtained with a three-phase system for constant peak voltage, and typical 
results are shown in Figure 10.33 [16]. In the three-phase rectification, a fourth diode leg is added for 
the null to allow for tapping the third harmonic power. 

A maximum of about 15% power gain may be obtained with both rectification methods at distinct 
levels of third harmonic (k,) (Figure 10.33). 

As already alluded to, the third harmonic presence in the emf (that is, trapezoidal emf) leads to 
additional core losses. Still, the power gain generally offsets this loss increase, and the efficiency stays 
constant or even increases by 1 to 2% for a 15% power gain. 

Note that multiphase (nine phases, for example) PMSG windings, in groups of three, may be used to 
build a combination of series/polyphase rectification connections, in order to reduce DC output voltage 
pulsations (in amplitude and frequency) and thus allow for a smaller capacitor filter in the DC voltage link. 

The presence of DC voltage pulsations and DC link capacitor filter were not considered in this section. 


10.9 Autonomous PMSGs with Controlled Constant 
Speed and AC Load 


Thermal-engine-driven autonomous PMSGs in the tens to thousands of kilowatts may be controlled 
for constant speed to deliver constant voltage and frequency for AC loads at moderate generator 
system costs. To reduce generator control system costs, fixed capacitors are connected at generator 
terminals. They are accompanied by thyristor-controlled three-phase inductances (Figure 10.34). For 
400 Hz outputs, typical for aircraft, the size of inductors and capacitors is smaller than for 50 (60) Hz 
outputs. 

In principle, a frequency regulator acts upon the fuel admission valve to keep the frequency (speed) 
constant. A voltage regulator controls the ignition angle B in the thyristor-controlled reactor and fixed 
capacitor voltampere reactive (VAR) compensator, to keep the voltage dynamically constant with load. 

The inductor current i,, [21] is as follows: 


__Y (2B-sin2B) 
oL u 


[es 


(10.68) 


Le 
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FIGURE 10.34 Permanent magnet synchronous generator (PMSG) with constant frequency (speed) and alternating 
current (AC) output voltage regulation. 


The equivalent (variable) inductance is a function of B: 


L TL, i 
en, (10.69) 
To investigate the steady state and transients of the system in Figure 10.34, the d—q model is used. For 
steady state, the d—q model preserves the phase capacitance C, inductance L,,, and impedance Z, along 
d-q axes, as the machine phase resistance and synchronous inductance are preserved. 

The capacitor I, inductor I,,, generator I,, and load I, currents are visible in Figure 10.35a. For 
any given value of load (L,, R,), capacitance C,, inductance L,,(B), frequency, and machine param- 
eters, the equivalent circuits or the vector diagram produce the four above-mentioned currents 
(Figure 10.35b). Then, the voltages V, and V, are obtained, and the respective active and reactive 
powers are calculated [21]: 


I, =I, sing, +6,,)-(U,, -I,,) cos, 


(10.70) 
I, =I, cos(o, + 6,)+U,, I,,)sin6, 
E 
V.=,/Vi+V? = a 
° 1 cos, [l+X (K, —X,,)+ RK, +K; ] 
xy e sory y 
(10.71) 


XK -R(X,-K,) 

tand. = q s e x, 
Vv 14+X (K. -X_)+RK 
q xp Ce soo 


with 


R x 
Se ug = oie, = 2 2 
Cae Ae Z,= Ri +X? 


L L 
ee Aes ae ee) ee Om 
Ce X. a. 4 6, ar 's Xy, Ce an Vv 
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FIGURE 10.35 Steady-state equivalent circuits in phasor variables decomposed in d—q components: (a) the circuits, 
(b) the vector diagram, and (c) typical B vs. load power factor at constant load current. 


Once the terminal V, and the voltage power angle 6, are calculated, all the other variables (currents, 
powers) are straightforwardly determinated as follows: 


L=J/2 oo GS oy C 
Le at ql? ke @L * ek ae, 
V 

L=jo+Pa 

Ss q Z, 


Given the range of load impedance Z, and its power factor angle ?; variation range, the required 
capacitor and inductance that provide for constant terminal voltage for constant speed may be 


(10.72) 
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determined. When defining the variable inductance value L,, the angle B is from Equation 10.69, 
and thus, the voltage drop compensation conditions may be investigated as a function of the ignition 
angle B. 

Figure 10.35c shows a typical angle B dependence on load power factor at rated load current and 
voltage [21]. 

For all load power factor angles (except for cos, = 1), there are two values of ignition angle — one 
for leading power factor and one for lagging power factor. 

While the design of C,, L; for steady state is the first step, the investigation of transients and control 
aspects is crucial. 

The d—q model, in the rotor coordinates, is used for the scope. For the sake of completeness, the system 
equations are given below — first for the load and the VAR compensator: 


(10.73) 
i 
Ci 
sV, = ON, 
Si, = 1+ @ij 
Le T We 
Le 
q . 
si =——--@1 
% ry, 


The d-q model of PMSG is described by Equation 10.52, with i, 1, as dummy variables. The motion 
equation has to be added: 


J do, 3 
a a =T,-T.; ee) (10.74) 
1 


The above equations are first linearized and so is the thermal engine (say diesel engine) equation: 
T,-s-AT +AT = AF(t—T,) (10.75) 


T, is the engine dead time (sampling time, approximately), and 7, is the electrohydraulic actuator time 
constant. 

While independent speed (frequency) and voltage regulators may be adopted, more advanced state 
feedback, or output feedback, controls were introduced for the scope, with good results [21]. Typical 
transients with optimal state feedback control are shown in Figure 10.36, based on the results from 
Reference 21. 

A notable short-lived reduction in the terminal voltage is noticed. However, this event is followed by 
a fast recovery. The fuel rate increases steadily as the load increases. The speed deviation transients are 
small, while the thyristor ignition angle varies markedly to accommodate the new, larger, load current 
at about the same load power factor. 

Given the numerous nonlinearities in the system, nonlinear (such as variable structure) control may 
be applied to further reduce the voltage surges during transients. 
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FIGURE 10.36 State feedback controller response when the load impedance varies suddenly from (1.8 + j1.35) P.U. 
to (1.2 + j0.9) PU. 


10.10 Grid-Connected Variable-Speed PMSG System 


Variable-speed use is good for extracting more prime-mover power (as in wind turbines) or for providing 
optimum efficiency for the prime mover by increasing its speed with power. Variable speed also allows 
for a more flexible generator system. For wind turbines, a battery may be added to store the extra wind 
energy that is not momentarily needed for the existing loads (or local power grid). 

There are two main ways to handle the necessity of stable (constant) DC link voltage at variable speed 
as illustrated in Figure 10.37a and Figure 10.37b. 
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FIGURE 10.37 Variable-speed permanent magnet synchronous generator (PMSG) system with constant output 
voltage and frequency: (a) with diode rectifier and boost direct current (DC)—DC converter and (b) with pulse-width 
modulator (PWM) rectifier. 


© 2006 by Taylor & Francis Group, LLC 


10-46 Variable Speed Generators 


For the case of the diode rectifier, the generator is designed with terminal voltage at maximum speed 
to allow for a small voltage boost in the DC—-DC converter for all situations. 
Full swing boost is required at minimum speed. 


10.10.1 The Diode Rectifier and Boost DC-DC Converter Case 


In the absence of a rotor cage, the d—q (space-vector) model of PMSG (after Equation 10.52), for the 
generator mode association of signs, is as follows: 


Vigo. 
= . —= (10.76) 
Y; SN tiie is =1, + fi,3 VV aI, 

YY, = Pou tL, + Lt, (10.77) 


As for steady state (s = 0), the diode rectifier imposes almost unity power factor at the fundamental 
frequency: 


Q,=0=2(V,i,-V,i) (10.78) 
Consequently, from Equation 10.76 through Equation 10.78, the following condition is obtained: 


Lin + Lig —Y yi = 0 (10.79) 


Mid 


In this writing, i, >0. 
The electromagnetic torque T, is as follows: 


e 


3 ee ; 
T= 5 PP — (Lg Light} L,<L,3 1,>0 (10.80) 


with L, =L,=L,, Equation 10.79, when used in Equation 10.80, yields the following: 


oT, a | 3 By pes 
£=—|—p,,,,,-¢—-™ —# |=0 10.81 
Oh, 01, | 2 Py pu L, 
with the following solution: 
* ee 
i,= ae (10.82) 
So, the maximum torque T., is 
a eke 
(Ty, Deep = 5 ane > L. > L, + L, (10.83) 


The larger the stator leakage inductance L,, the lower the maximum torque at unity power factor. Also, 
for maximum torque, from Equation 10.79 and Equation 10.82, 


i,=i,=—™ (10.84) 
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But, the condition in Equation 10.84 corresponds, in general, to maximum torque/current, which is to 
be expected, as the power factor was taken as unity, for the diode rectifier case. With base torque T, defined 
as follows, 


T= +p, (10.85) 


the maximum torque is 


(Ty, Deg Q=l 1 


T, 2X (p.u.) 


(10.86) 


As expected, the lower the X, (in P.U.), the larger the peak torque. Reducing the stator leakage inductance 
becomes a very important design task. 

The control of power flow to the power grid depends on both the DC link voltage level (controlled 
by the PWM inverter on the power grid side) or on DC—DC boost converter output DC voltage. 

For a wind turbine, the maximum wind power extraction occurs for a given o(T.) reference curve 
up to maximum power value, when stall regulation occurs. The DC current may then be regulated to 
prescribe the modulation index of the IGBT in the DC-DC boost converter (Figure 10.38). 

To limit the DC-DC converter chopping frequency, no external means are required, as the large commu- 
tation inductance ( L, ) of the generator is connected in series with L, during on states of T, [22,23]. 

As already mentioned in this section, an active machine end (PWM) rectifier may replace the diode 
rectifier plus the boost DC-DC converter. In this case, the voltage at the machine terminals, at lower 
speeds, may be lower than the constant-kept capacitor voltage in the DC link by the action of the grid- 
side PWM converter. In essence, the capacitor in the DC link provides, in a controlled manner, the 
required reactive power injection into the machine in addition to the commutation reactive power in 
the rectifier. 

The PMSG may produce more torque than for the case of the diode rectifier but does this also for 
higher stator currents, as required by the apparent power of the generator. 

The back-to-back PWM converter system with DC capacitor link may provide both variable speed 
operation and reactive power controlled delivery at constant AC output voltage and frequency. 

The machine-side converter is torque (speed) controlled along the q axis and is constant flux controlled 
along the d axis field-oriented control (FOC) or in direct torque and flux control (DTFC) schemes. 

On the other hand, the load-side converter is controlled differently for stand-alone operation. 

In power grid operation, the grid-side PWM converter keeps the DC link voltage constant and delivers 
a certain amount of reactive power, as desired. With an adequate design for the DC link capacitor, up to 
+100 reactive and active power control is feasible with PMSGs at a lower cost of the capacitor in 
comparison with the induction generator with cage rotor. 


* @, 
Tin Dp 
: Reference a 
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Measured (Fig. 10.37a) 


FIGURE 10.38 Boost direct current (DC)—DC converter control for a wind-turbine permanent magnet synchronous 
generator (PMSG). 
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For stand-alone loads, an L—C power filter is mandatory between the load-side PWM inverter and the 
loads. Now the output voltage frequency is set at a constant value, while the AC output voltage amplitude, 
after the output filter, is controlled through the DC link capacitor voltage close-loop control via, again, 
the load-side converter. 

The PMSG, once in rotation, with the machine-side converter idle, charges the DC link capacitor 
through its diodes to offer conditions for self-excitation of the system on no load. 

A backup battery and a solar panel may work together with the PMSG systems with wind or hydro- 
turbines to compensate for the limited availability, dependent on time of day, of wind (hydro) energy. 


10.11 The PM Genset with Multiple Outputs 


Medium-power (tens to hundreds of kilowatts) gensets were traditionally designed to be rugged and cost 
effective, though heavier, for special applications. In essence, their speed, when driven by a diesel engine, 
is in the 1800 to 3600 rpm range; while for gas turbines, it may be in the tens of thousands-revolutions 
per minute. 

Gensets may be used as auxiliary power sources on ground (for aircraft land service), as standby power 
supply units, or on trucks, vessel, or aircraft as medium-power auxiliary power sources. The multiple 
output possibility stems from the capability of the PWM inverter on the load side to be controlled for 
various voltages, frequencies, and numbers of phase outputs (Figure 10.39) [24]. 

The diode rectifier, plus the boost DC—DC converter, is used to produce constant DC link voltage over 
a wide speed range (up to about 2/1 range). 

The bidirectional buck-boost DC-DC converter is used to supplement the 28 V,, loads and recharge 
the 28 V,, backup battery, and, in addition, to provide a DC voltage boost whenever necessary during 
load or speed transients. 

The standard PWM 6 IGBT voltage source inverter is controlled, on a menu basis, to produce AC 
output at 50 or 60 Hz, or 400 Hz (for example), and with single-phase, dual-phase, or three-phase 
attributes, according to needs. 

Variable speed is used to reduce fuel consumption (Figure 10.40) [24] or to reduce thermal engine 
pollution, by reducing speed when required power is reduced. 

As expected, there is minimum fuel consumption for almost constant power at a certain speed (2900 
rpm in Figure 10.40). 
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FIGURE 10.39 A permanent magnet (PM) Genset with multiple outputs. 
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FIGURE 10.40 Peak torque (A), power (MM), and fuel consumption (@) of a diesel engine permanent magnet (PM) 
Genset. 


The machine-side diode rectifier is standard for a three-phase PMSG, but the boost DC-DC converter 
may take various configurations. A representative one is shown in Figure 10.41 [24]. 

Given the rather large value of generator commutation (subtransient, almost synchronous) 
inductance, the latter is used for voltage boost. The accumulation of energy in the machine induc- 
tances is performed through the additional diode rectifier D,, which is short-circuited by the IGBT, 
Q.. 

Subsequently, Q, is disengaged, and the higher voltage obtained at the output of the main diode rectifier 
D, charges the capacitor C, in the DC link to boost the DC link voltage. The snubber C,—R, limits the 
di/dt spikes at Q, when the latter is disengaged. The alternator and load neutrals are connected to the 
center of two capacitors C, in the DC link (Figure 10.42). The neutral connection allows for unbalanced 
load currents to flow through the PMSG in parallel with the capacitors C, and, thus, eliminates the 
necessity that the latter have low fundamental frequency impedance. 


PMSG 
a 
+ 
DC link 
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FIGURE 10.41 Diode rectifier plus boost direct current (DC)—DC converter. 
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FIGURE 10.42 The permanent magnet synchronous generator (PMSG) inverter and filters. 


The inductance L, (Figure 10.41) avoids the charging of capacitors C; to the half-wave rectified line 
to neutral voltage. Poor power factor and high crest currents in the generator are thus avoided. 

The three-phase differential (L,, C,) and common-mode (L;, C;) filters are also shown in Figure 10.40 
[24]. They are meant to achieve near sine wave output (load) voltage (< 3% total harmonic distortion 


[THD]). Line to neutral inverter output voltage pre- and post-filter output voltages shown in Figure 


10.43 are fully indicative of a filter’s beneficial effect [24]. 


FIGURE 10.43 Pre- and post-filter line to neutral load voltage (V,y). 
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FIGURE 10.44 Bidirectional direct current (DC)—DC power converter. 


The bidirectional DC-—DC converter converts power from (to) 350 V,. to (from) 28 V,, to supply 
auxiliary loads and to recharge the engine-starting battery that supplies, in turn, the engine starter 
(a DC PM motor). 

There are many competitive bidirectional buck-boost DC—DC converter configurations for such a high 
voltage ratio, but they all make use of a high-voltage-frequency transformer. 

Such a typical configuration making use of low power switch count is shown in Figure 10.44 [24]. 

For high to low voltage operation modes, the DC link high voltage is first passed through the damper 
R,—L, to prevent oscillations between capacitors C; and C, (of the PWM three-phase converter). The 
capacitors C, make up for the missing half of the low count switch inverter/rectifier and provide a one 
half reduction in voltage, up front. The transformer T, may provide a one half to one third voltage 
reduction ratio. A second reduction of one half of the voltage is performed by a current doubler through 
the diodes D, and filter L,, L,. Thus, the low count switch converter Q, is operated at a maximum duty 
ratio of less than 0.85 [24]. 

When the DC link voltage is below 350 V,, (340 Vy. and less), the low-to-high-voltage conversion is 
engaged. 

When both Q, metal-oxide semiconductor field-effect transistors (MOSFETs) are turned on, the 
secondary of the transformer T, is short-circuited, and the inductances L;, L, are energized. When only 
one of them is on, the input voltage plus the energy stored in one inductor is applied to the secondary 
of the transformer. This, in turn, steps up the voltage that is then rectified through the diodes in the low 
switch count converter Q;. When both Q, are off, diodes D, discharge the energy stored in L, and L, to 
capacitor C,, which is discharged by the resistance R,. 
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Even under complete loss of power from the generator, the bidirectional boost DC-DC converter 
should be capable of holding the DC link high voltage for a few seconds. In general, the voltage boost 
operation mode is needed to complement the generator power short-lived current peaks and thus 
maintain the load voltage. 

A fast load power increase is, for example, quickly accommodated before the thermal engine speed is 
increased to sustain it by additional, controlled fuel injection. 


10.12 Super-High-Speed PM Generators: Design Issues 


By super-high speeds, we mean here speeds above 15,000 rpm. Power decreases with speed to limit the 
rotor peripheral speed. It is up to 100 to 170 kW at 70 to 80,000 rpm and goes up to 1 to 5 megawatt 
(MW) at 12,000 to 18,000 rpm. Small- to medium-power super-high-speed micro-turbine-driven PM 
generators are envisaged for distributed power generation or on board series hybrid vehicles, and for 
other usage. Drastic reductions in size and weight make such generator systems very attractive. The main 
design features are as follows: 


* Electromagnetic design (sizing) 
* Mechanical design (verification) 
+ Thermal design 


The starting point is the specifications. They depend on application, and here is an example: 


+ Rated electric power: P.,, = 80 kW 

* Rated speed: n,, = 80,000 rpm 

+ Minimum speed at rated power: n,,, = 60,000 rpm 
+ Rated power factor: cos @, = 0.8 

* Number of poles: 2p, = 4 

+ Rated phase voltage (RMS): 220 V 


In the electromagnetic design (sizing), due to the severe rotor mechanical constraints, the latter should 
be considered first. 


10.12.1 Rotor Sizing 


Two main rotor configurations are to be considered — the cylindrical rotor and disk-shaped rotor 
(Figure 10.45a and Figure 10.45b). In general, the disk-shaped PM rotors are performing better with a 
larger number of poles 2p, > 6, 8. Multiple disk-shaped rotors are used to increase power for a given speed. 
As 2p, = 6, 8, 12, 14, 16, the stator fundamental frequency tends to be larger, so the maximum speed with 
2p, = 16 would be 15,000 rpm for f, = 2.0 kHz, and 30,000 rpm for 2p, = 8. The maximum peripheral speed 
of the rotor, say 300 m/sec, is another limiting factor for the maximum allowable power and speed. The 
cylindrical rotors are used, in general, with 2p, = 2, 4. Better power/volume performance is claimed with 
multiple disk rotor PMSGs. 

As mentioned at the beginning of this chapter, the copper thin shields are crucial in reducing the rotor 
eddy currents produced by the space and time stator field harmonics in the PMs and in the rotor back 
iron. Solid back iron is acceptable with copper shields, which leads to more rugged rotors. Typical material 
proprieties for the rotor are as follows: 


+ Retaining ring: carbon fiber + epoxy resin: 2100 MPA 
* Shaft: nonmagnetic iron: 1300 MPA 

* Rotor mass: magnetic iron: 1800 MPA 

+ Interpolar spacer: nonmagnetic iron: 1300 MPA 
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FIGURE 10.45 Super-high-speed permanent magnet (PM) rotors: (a) and (b) cylindrical and (c) disk-shaped. 


To size the cylindrical rotor PMSG, the following main variables have to be determined: 


+ Inner stator diameter D,, and stack length 
* Rotor geometry details and mechanical validations 
* Stator sizing and thermal verification 


A similar path is to be traveled for the disk rotor (axial airgap) PMSG, but with adapted (new) formulas. 
The analytical preliminary design has to be followed by FEM comprehensive verification and design 
optimization. 
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The specific tangential force fj, in the range of 0.5 to 3 N/cm?is used here to obtain the preliminary 


value for stator interior diameter D,,, for given A: 
2 1 
. ; A=l D. 10.87 
fin en De 1: D. . x . D, baer is ( ) 
P 
T =~ —_# (10.88) 


en 


1, F 2mn, 


where 1), is the rated (forecasted) efficiency. For super-high-speed PMSGs, A = 1 to 3.0. The rated 
efficiency is assigned a value of 0.9 to 0.95 at this early stage of design. Also, f,,, is higher when the rated 
torque increases. 

The mechanical airgap g should be larger than usual to reduce the space harmonics of the stator current 
magnetic flux at the rotor copper shield outer surface caused by the stator mmf and slot-opening. This 
way, the losses in the copper shield will be reduced. 

In general, the stator slot opening W,, should be the same as the radial distance h,, between the stator 
and the PMs: 


un at Sa Baal Jere a (10.89) 
where 
b,,= 1.0 to 3 mm retaining ring thickness 
b = 0.5 to 1.5 mm 


copper 
g=lto2mm 


For the same reason, whenever possible, the stator slot pitch t, should be of the size of the total 
(magnetic airgap) hy,,: 


Duy = Mg +My, =T (10.90) 


with hp, equal to the PM thickness. 
In general, the PM airgap flux density B,,,, in the airgap is quasi-rectangular: 


BoA 
By =—. (10.91) 
sPM (DEK > Bigs 


The fringing factor k, accounts for the PM flux lines that close into the airgap or through stator slot 
necks, instead of embracing the stator slots. As h,, gets larger, k;increases. The value of k;= 0.3 to 0.7 are 
not uncommon, but they have to be checked through FEM calculations. 

In general, B,»y = 0.3 to 0.45 T in super-high-speed PMSGs, as the fundamental frequency is in the 
600 Hz to 2.5 kHz range, and thus, core losses tend to be large. 

The PM flux per half a pole pitch @ ,/2 is as follows: 


® /2=0,=8 PM] +k (10.92) 


gPM ; 2 stack” fill 


kyu is the lamination filling factor. Even with thin (0.1 mm or so) laminations, the insulation coating 
should keep kj > 0.7 to 0.8. Tp, is the PM span length on one rotor pole. 
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Half the PM flux/pole passes through the rotor back iron, with radial dimension h,, that needs to be 
as follows: 


h >—“*— (10.93) 


B,, is the rotor yoke design flux density. Generally, Bog = 9.9 to 1.2 T (here at no load) to leave room 


for armature reaction field on load but still maintain B,, on load below 1.3 to 1.5 T. 
The shaft diameter D,,,, is, basically, 


Djap = Dyy— 2hpngyg — 2p (10.94) 


shaft ~~~ is PMg 


This value has to be checked for mechanical strength. 
The rotor mechanical stress verification starts with the computation of spin-off stress o,, which 
contains the PM plus copper shield and its own weight contributions: 


2 
F Q. (y y; RK, + Vea or co er (R,, 7 b., eS) 0, 
= 7 a ee ed A a ee (10.95) 


rr stack safe 


The safety coefficient k,, = 2 + 3; R,, and R, are visible in Figure 10.45a. 
The retaining ring radial elongation due to the applied stress should also be limited: 


Az=—™™ (10.96) 


E equals the modulus of elasticity of the ring. 

Critical flexural speeds of the rotor also have to be checked, as gravity bends the shaft, and centrifugal 
and magnetic uncompensated radial forces produce mechanical radial oscillations. There may be more 
than one critical rotor speed below the rated (superhigh) speed. With one critical speed @,, the latter 
should be much less than the rated speed @,: @, < @_/4, in general. Driving through critical speeds should 
be quick to avoid large vibration and noise. 


10.12.2 Stator Sizing 


The stator sizing means, essentially, the slotting and winding design once the stator bore diameter and 
stack length are already calculated. 

Typically, for super-high-speed PMSGs, distributed double-layer windings with chorded coils are used, 
as the number of poles is limited. 

Also, when the fundamental frequency goes up to 2.2 to 2.5 kHz, the skin effect winding losses require 
special treatment, through design, in order to maintain the skin effect losses within 30 to 35% of 
fundamental copper losses. Sinusoidal current control seems to be the preferred choice, and when a diode 
rectifier is connected at machine terminals, above 500 Hz fundamental frequency, this is the actual 
situation anyway, due to commutation overlapping. 

Rectangular current control with trapezoidal emf may also be practical, as fundamental frequency and 
power go up, and thus, the limited switching frequency in the PWM converter is better suited for such 
six-pulse/cycle operation. 
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Let us suppose here sinusoidal current control with sinusoidal emf. The phase emf fundamental E, 
per current path is as follows: 


E,=220,W,Ky f, (10.97) 


where 
W, is the number of turns per current path (in series) 
Ky, is the winding factor for the fundamental 
fr is the stator frequency 


With q, slotspole/phase, W, (for two coils per slot) is as follows: 


2 
w, =P (10.98) 
a 


where 
n, is the number of turns per coil 
a is the current path count 


Denoting by V, the rated phase voltage (RMS value), the design ratio (E,/V,) depends on the type 
of machine end converter, overload, type of load, and speed range. Generally, at rated speed, E,/V, = 
1.1 to 1.3. 

Once the winding type is chosen (two layers, chorded coils, and q, as given), the winding factor for 
the fundamental, Ky , is as follows: 


w, 


SSO | (10.99) 
1 q,sin7z/ 6q, T 2 


Consequently, from Equation 10.97, the number of turns per path W, (with a given) can be calculated. 
The rated current I,,, comes directly from the specifications: 


P 
LS (10.100) 


In 
(cos@, )3V, ohn 


The number of Ampere-turns per slot F,,,, is 


I 
=2n (10.101) 


Adopting a design current density j,,,, = 3 to 8 A/mm?’ for air cooling and higher for liquid cooling, 
the conductor-filled area of the slot A,,, is as follows: 


F 
A, = (10.102) 
Kane Seon 


ky, ~ 0.3 to 0.45 is the slot filling factor. Smaller values of kg), have to be considered for direct cooling 
of conductors in slot by pipes (or hollow conductors). 
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The tooth width W, is imposed by the tooth flux density B;: 


B ‘T, nD. 
#N— s10-12T; t,.=— (10.103) 
W, 6p,4 


Bz 


t 


The stator yoke height h,, is about equal to the rotor yoke height h,,: 


Se u 
Maes B,<(09 - 12)T (10.104) 


stack ~ ys 


At T,/W, ~1.8—2.2 and knowing A,, leads to complete sizing of the slot. Approximately, the slot useful 
(conductor-filled) height h,, is obtained from the following: 


h m(D.+2h. +2h_) 
A, ~ su W.+ is ‘SU SS (f; W,) (10.105) 
2 67,4, 
D,=D,+2(h, +h.)+ 2h, (10.106) 


Note that if it is required to increase the machine inductance, the winding may be placed only in the 
upper part of the slot (Figure 10.46). In this latter case, Equation 10.95 has to be modified to produce 
the correct value of the slot conductor-filled slot height h’, <h,,. 

As the machine has PM poles on the rotor, it is characterized by a single synchronous inductance L,,,: 


rin ©) 
ms (10.107) 


6u,(W,K,, )°-t-LO+K 
L ae 1 


m 


1" DS vy 


The leakage inductance L, [25] has to be added to complete the synchronous inductance expres- 
sion L.=L, +L. King accounts for the flux fringing in the airgap in the radial plane and in the axial 
plane. The smaller the t/g,,, and A ratios are, the larger the ki... FEM flux distribution calculations are 
required to calculate kj in. With precision. 


fringe 


h,, = (1.5-3) mm 


FIGURE 10.46 Stator slotting. 
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10.12.3 The Losses 
The loss components in PMSG are as follows: 


* Fundamental stator core losses 

+ Fundamental stator copper losses 
* Rotor electric losses 

* Mechanical losses 

+ Additional stator copper losses 

* Additional stator core losses 


Due to the large fundamental frequency and the contents in time harmonics of stator currents, the 
additional stator core and copper losses are notable. Also, the rotor electric losses have to be reduced to 
avoid PM overheating due to eddy currents in the PMs caused by stator space field harmonics and time 
current harmonics. The thin copper shield is a solution to the problem that results not only in PM 
thermal protection, but also in lower total rotor electric losses [26]. As a bonus, the rotor yoke may be 
made of solid iron without inflicting notable additional yoke losses through eddy currents. 

A complete machine model to account for the rotor electric losses and additional stator core losses 
may be analytically developed. 

The fundamental stator core and copper losses are straightforward [25], but the additional winding 
losses caused by the skin effect are of special interest. When the fundamental frequency rises above 500 
to 600 Hz, full transposition of elementary paralleled conductors or the Litz wire are the ideal solutions 
to reducing the skin effect copper losses to negligible values. However, such a solution is costly. 

It may as well serve the purpose, up to 2.2 kHz fundamental frequency and up to 200 kW, to parallel 
elementary conductors and use only 180° transposition (twisting turns only at one end-connection side). 

A 20 to 30% increase in fundamental copper losses due to skin effect (“self-inflicted” and through 
circulating eddy currents) may be obtained this way with a two-layer winding with chorded coils. 

For powers above 200 kW and fundamental frequency above 0.8 to 1.0 kHz, refined transposition, as 
done in large SGs, may be necessary to secure less than 33% of skin-effect copper losses in excess to 
fundamental copper losses. 

Mechanical losses are also notable at high speeds, and they require special treatment for an in-depth 
investigation. They depend on the rotor diameter, length, peripheral speed, mechanical airgap, and 
bearing type (mechanical, with air or active magnetic). 

A rough approximation for p,,,,. is as follows: 


Puree = Cy *D. bin (HD, -n)’; D. =D, -2g (10.108) 
The constant C, = 5 Ws?/m* for air-cooled generators. D, is the rotor diameter, and n is the rotor speed 
(rpsec). For additional information on super-high-speed PM synchronous machines, see the literature 
[27-33]. 

Note that the PM generator/motor for flywheel energy storage is a typical case of a super-high-speed 
such machine [34]. 


10.13 Super-High-Speed PM Generators: Power Electronics 
Control Issues 


The power electronics control of super-high-speed PM generators depends on the following: 


* Operation modes: generating only or self-starting (motoring) 
* Constant power operation speed range at constant output voltage and frequency 
* Power level and fundamental rated frequency 
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FIGURE 10.47 A 3 to5 MW medium-voltage super-high-speed permanent magnet synchronous generator (PMSG) 
(f, = 0.6 to 1.2 kHz) with direct current (DC) voltage booster and three-level pulse-width modulated (PWM) inverter. 


Let us discriminate between machines below 2 to 3 MW where standard six-leg PWM low-voltage 
source IGBT converters (up to 690 V line voltage [RMS]) are already produced, and powers up to 5 to 
6 MW at 15,000 to 18,000 rpm, envisaged for the near future where, most probably, medium voltage 
(2 to 5 kV) multilevel inverters will be required. In general, in the MW power range, generator-only 
operation is more likely. 

Then, with the fundamental frequency in the 0.6 to 1.2 kHz range, above 2 MW, in a medium-voltage 
PMSG design (3.0 to 6 kV line voltage RMS), a general control system configuration comprises the 
following (Figure 10.47): 


* A front machine end diode rectifier without or with a boost converter 
+ A multilevel voltage-source inverter for constant frequency and voltage output 


The DC voltage booster is mandatory if the speed range for constant power is larger than 110 to 120%. 
In Figure 10.47, the DC voltage booster makes use of the generator inductances for energy storage through 
a fast recovery additional diode rectifier short-circuited in a controlled manner through an oversized 
IGBT power switch at a frequency of at least 8 to 10 kHz, as the fundamental frequency may reach 1.2 kHz. 
This way, the voltage in the DC link is kept constant over the entire speed range of interest and for all 
load (and overload) conditions. 

Three-level PWM inverters represent a strong emerging technology with already notable industrial 
success. There are quite a few basic categories of multilevel PWM inverters [35]: 


* Cascaded multicell inverters 
: Flying capacitor inverters 
* Diode-clamp (neutral point clamp) inverters 


All of these categories [35] have merits and demerits, but the diode-clamp multilevel PWM converters 
seem to be the first-choice solution for the case in point because of more industrial experience with MW 
drives at 2.3, 3.3, 4.16, and 6 kV. 

A typical three-level diode-clamp inverter leg is shown in Figure 10.48 with only AC terminal a shown. 
Because the inverter is now used as a power source, careful output filtering of the output is required. 
Such output filters are different, in general, for power grid and stand-alone operation. 

Vector control or direct active and reactive power control may be applied here as done for two-level 
standard PWM converters [36-39]. 

For powers below 1.5 MW, low-voltage (690 V line RMS voltage) PMSGs of super-high speeds may 
be built. 
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FIGURE 10.48 Three-level diode-clamped pulse-width modulated (PWM) inverter. 


A two-level (standard) PWM voltage source IGBT converter may be used for this case. For four- 
quadrant operation (self-starting), the use of two back-to-back PWM voltage source converters is the 
first choice (Figure 10.49). 

The control of the cascaded AC-AC converter is similar to the case of the cage rotor induction 
generator. 

In essence, for power grid operation, the grid-side converter may be vector controlled to keep the DC 
voltage rather constant (along axis q) and to produce a certain value of reactive power (along axis d). 

The control of the machine-side converter for this situation may be implemented as vector control or 
as direct torque control. For a wind turbine, a torque/speed reference produces, for each value of speed, 
a certain optimum reference torque. The machine stator flux reference may be set constant with speed, 
and finally, direct torque and flux control may be performed (Figure 10.50a through Figure 10.50c). 
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FIGURE 10.49 Four-quadrant cascaded alternating current (AC)—AC converter. 
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FIGURE 10.50 Generic four-quadrant cascaded alternating current (AC) converter-fed permanent magnet synchro- 
nous generator (PMSG) at the power grid: (a) speed control by prime mover, (b) direct torque and flux control of 


machine-side converter, and (c) vector control of grid-side converter. 
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The speed of the prime mover should be close-loop controlled through the speed governor, having 
the optimum speed required power, known off-line (Figure 10.50a). 

As a fundamental frequency goes up to 1 to 2.5 kHz, the question arises, again, as to whether 
trapezoidal current control [39] in the generator is not more practical in reducing the commutation 
losses in the machine-side converter, especially if a DC-DC converter is added to control the DC link 
voltage for variable speed when the PM generator works alone or is connected to a weak local power 
system. 


10.14 Design of a 42 V,, Battery-Controlled-Output 
PMSG System 


In the previous section, dedicated to super-high-speed PMSGs, a few design (sizing) issues were treated 
in some detail. In general, PMSG sizing has to be performed with full consideration of converter costs 
and losses as also calculated for the critical duty cycles of motoring and generating vs. speed. 

For example, the design of a PM reluctance synchronous generator/motor for a mild hybrid vehicle 
with a 42 V,. battery and a 6:1 motor/generator constant power speed range (from 1000 rpm to 6000 
rpm) [40, 41] is quite different from the design of an automotive PMSG with a 6:1 constant power speed 
range in generating only. 

The increase in electric power demand on board of pure internal combustion engine (ICE) vehicles 
today seems to establish the PMSG with single IGBT control and 42 V,, battery for powers above 1.5 kW 
as a potential replacement for the claw-pole-rotor generator. But, for 50 million cars per year, the 
production potential seems staggering. 

Fast power control at higher efficiency is the main merit of the automotive PMSG. 

In view of the above, in what follows, we will treat in some detail the design of the 42 V,. battery 
controlled output automotive PMSG. 

The design process generally includes the following: 


* Design initial data 

+ Topologies of interest 

* Electromagnetic design 
+ Thermal verification 

+ Design output data 


10.14.1 Design Initial Data 


For the case in point, only the rated power P.,, and the battery voltage V,, are defined from the start. 

A 10:1 speed range is typical, but it may be required to deliver only 50% of P,,, at minimum speed 
Npin ANd 100% P,,, above 21,,;,, and up to n,,,, [40]. A more stringent requirement corresponds to 100% 
P,,, delivery at 1,,;,, [40]. It is well understood that in this latter case, the machine has to deliver twice as 
much torque in comparison to that in the first case. 

As the torque “dictates” the machine size, together with losses, and, as volume is severely constrained, 
the 50% P,,, at Min 
alternators on board vehicles. 


requirement is tempting and corresponds to existing practice with claw-pole-rotor 


10.14.2 The Minimum Speed: n,,,,, 


The second important initial data include the speed range. 

The ICE idle speed is around 800 rpm. As the larger the PMSG speeds, the lower its volume; use of a 
belt transmission to raise the PMSG speed seems to be a practical solution. But, what should be the belt 
transmission ratio k,.? 
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In Reference 40, to determine n,,,,, of PMSG, the total losses in the generator are made functions of 
speed n and are then minimized to find the optimum 1,,,,,. 
In essence, the PMSG losses are divided into the following: 


* Pians. by vehicle deceleration (mechanical) 

* Prota: by generator deceleration (mechanical) 
* pq: in the rectifier 

* Pron: ON losses 

* Po: copper losses 

* Pfant fan losses 


The Prrans ANA Proj are to be calculated as corresponding to the standard town driving cycle. 
In general, the torque of the generator is proportional to machine volume (r?), and thus, at minimum 
generator speed n 


min? 


P~rn,., (10.109) 
Consequently, from Equation 10.109, 
ran (10.110) 
So, the generator mass m is 
~n" (10.111) 


min 


The translational energy of the generator is reduced when the vehicle decelerates from U, to U,_,: 


Dre yeu: -u},,) (10.112) 


Also, when the generator decelerates from n, to n,_,, the losses related to this rotation deceleration are 
as follows: 


Pry = 2077 Y (12-12) (10.113) 


with J equal to the rotor inertia. 
The whole town driving cycle has to be considered to find average values for Pirans ANA Porat 


Prrang ~~, (10.114) 


Prog ~P~P ~ (10.115) 


The iron losses in the generator have two components: hysteresis and eddy current losses. As hysteresis 
losses are proportional to speed (frequency), and the mass is proportional to 17, it follows that the 
former are independent of speed. The eddy current losses, however, are proportional to mass and speed 
squared, and thus, 


Piron ~My, ~Ni (10.116) 
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The copper losses depend on the skin effect if the frequency goes higher than 500 to 600 Hz, but they 
may be assumed to be proportional to the radius of the rotor: 


Pp, ~r~n ie (10.117) 


Finally, the fan losses are considered to be proportional to r * 


Pee ne (10.118) 
If the coefficients in the above formulas are known, the total losses in generator } p may be minimized 
with respect to Minin! 


yp = Cail Costs Bien ® Cipsilties © Coal an C sea? in (10.119) 
As the information to define the constants in Equation 10.119 is not very reliable, it is safe to choose a 
few values of n,,,,, and compare the final design results. However, it seems that 1,,,;,, = 1800 to 3000 rpm 
is a realistic range. The belt transmission ratio thus varies as k,.;, = (1800/800) + (3000/800) = 2.25 to 
3.75. With the increase in material performance and power electronics switching frequency, the tendency 
should be toward n,,,;,, = 3000 rpm with 1,,.. = 30,000 rpm. 


max 


10.14.3. The Number of Poles: 2p, 


Increasing the number of poles of the PMSG tends to reduce the stator coil end turns and the stator yoke 
height (and weight) but leads to higher fundamental frequency f;: 


f=pn (10.120) 


The higher frequency generally leads to an increase in core loss despite a reduction of yoke height. 
Therefore, the copper losses tend to decrease, but the core losses tend to increase with frequency for 
given speed. 

The fast recovery diodes used in the diode rectifier, most likely to be used in the PMSG system, together 
with a single IGBT chopper, allow for a maximum fundamental frequency in the range of f,,,,, = 1.5 to 
2.5 kHz. 

FOr Myagx = 30,000 rpm and 2p, = 10 poles, the frequency fig, = 5°30X10°/60=2.5 kHz. 

As, currently, super-high-speed AC drives with fundamental frequency in this range have been built 
up to 100 kW and more, there is enough credibility to pursue this way of thinking for car alternators. 

Concerning the stator core laminations used for the scope, it was found that even 0.36 mm thick 3.1% 
silicon laminations with special thermal treatment may cause only 30 W/kg core losses at 1 T and 800 Hz. 
Reducing the silicon lamination thickness to around 0.1 to 0.12 mm, while maintaining a 0.8 to 0.85 
filling factor with a superthin insulation coating, can keep the specific iron losses to about 30 W/kg, at 
1 T and 2.5 kHz fundamental frequency. Finally, it is worth considering fabricating the stator core from 
soft magnetic composites (SMCs), with permeability that has reached u,,=500 P.U. [42] at 1 T. The 
hysteresis losses in such materials are independent of frequency, while the eddy current losses increase 
linearly with frequency. The SMC losses become smaller than those for silicon laminations above 500 to 
700 Hz. 

Though the relative permeability is still notably smaller than that for silicon steel laminations, the use 
of thick surface PM poles on the rotor of the PMSG leads to acceptable airgap flux density reduction as 
long as the flux path length in iron is not too long. Consequently, a large number of poles favor the 
application of SMC. 
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The possibility of compressing the stator core with windings in slots through electromagnetic 
force [43] in case of SMC, may lead to further increases in slot filling factor and to geometry 
reduction. 

The above rationale leads to the conclusion that the number of poles 2p, may be as large as ten 
for PMSGs dedicated to automotive applications with fundamental maximum frequencies up to 
2.5 kHz. 


10.14.4 The Rotor Configuration 


The rotor configuration may be of cylindrical shape (with radial airgap) or of disk shape (with axial 
airgap). There are pros and cons for both geometries [40, 41]. However, it is considered here that the 
cylindrical rotor is more rugged, and the stator is easier to fabricate. Further, the surface PM rotor 
configuration was proven to produce higher torque per PM volume. Also, it is the configuration that 
allows for a solid rotor yoke (back iron), provided a thin copper screen is placed over the PMs. In Section 
10.12.1, this configuration was introduced (Figure 10.45). 

The surface PM poles on the rotor are to be made of parallelepipedic PMs, tangentially and axially, 
in order to reduce the costs of the PMs. The copper thin screen over the PMs is meant to reduce the PM 
and back iron eddy current losses due to stator mmf and slot opening space harmonics and due to stator 
current time harmonics at the cost of some, but reduced, losses in the copper screen, which, at high 
frequencies, behaves like a predominantly reactive circuit. 

The retaining carbon fiber epoxy resin ring is used to protect the PMs and the copper shield from 
centrifugal forces, as the rotor peripheral speed reaches 150 to 200 m/sec for the case in point. The solid 
back iron of the rotor provides for a rugged rotor structure (Figure 10.51). 


10.14.5 The Stator Winding Type 


The stator winding may be distributed, in general, for 2p, = 4, 6 and q = 2 slots/pole/phase, when chorded 
coils with Y/t=5/6 are used. To cut the costs of winding and copper end-turn losses, nonoverlapping 
coils may be used. 

For 2p, = 8, the number of stator slots N, should be 9 or even 12, while for 10 poles, N, = 12. In these 
cases, the equivalent winding factor (as shown in Table 10.1) is k,, = 0.945. The cogging torque is also 
low, as the smallest common multiplier (SCM) of N, and 2p, is rather high: 72 and, respectively, 60. 

Two coils are inserted in a slot, and thus, the end-turn axial extension and, consequently, the frame 
axial length are further reduced (Figure 10.52a and Figure 10.52b). 
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FIGURE 10.51 Ten-pole permanent magnet (PM) rotor. 
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FIGURE 10.52 (a) Ten-pole 12-slots two-layer winding and (b) permanent magnet (PM) slot geometry. 


For the 12/10 (N,/2p,) combination (Figure 10.52), 


T 
oa (10.121) 
C12 
To further reduce cogging torque, in general, the PM span bp,, is taken around 
bay =T,-W,, (10.122) 


As the design of a PMSG for 2p, = 4 and distributed winding is presented in detail in Reference 42, 
we will concentrate more on the case of nonoverlapping windings. 

It was noticed that a sinusoidal emf may also be produced with this winding by carefully calibrating 
W,, to magnetic airgap h,,, and PM span b,,,. In general, the slot opening W,, is smaller than the total 
magnetic airgap h,,,, in order to reduce the slot opening reinforcement of stator mmf harmonics flux 
density as felt on the copper shield upper surface. This way, the copper shield losses are reduced. 

Also, a smaller slot opening means a relatively larger slot leakage inductance, which influences the 
maximum torque that can be produced by the PMSG, due to an enlarged synchronous inductance L,. 


10.14.6 Winding Tapping 


For 5:1 constant power speed range, winding tapping may not be ruled out as a means to reduce the emf 
at maximum speed and thus allow for a lower voltage rating of the single IGBT chopper that will control 
the output DC current received by the battery and load. 

It is a 5:1 speed range from 2N,,;, tO Max While at n,,;,, only half the power is delivered. The simplest 
way to achieve the winding tapping is by dividing it into two halves. The two halves work in series up 
to about 1,,,,/2. After that, only one half remains active. To achieve this goal, two diode rectifier bridges 
and an electromagnetic power switch are required (Figure 10.53). 

The diode rectifier Dj,,, works below n,,.,/2 with power switching (PS) closed, while D,,., works at 
high speeds (above 1,,,,,/2) with PS open. 
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FIGURE 10.53 Winding tapping with two diode rectifiers and an electromagnetic power switch (PS). 


For a 12/10 combination winding, one of the two neighboring coils pertaining to each phase is grouped 
in one of the two winding halves A,—A, and A,—A, in Figure 10.51. In this way, a uniform mmf reaction 
field is secured even when only half of the winding is active above 1,,,,,/2. 


10.14.7. The PMSG Current Waveform 


Depending on the machine inductance L,, DC link capacitor C,, and the fundamental frequency (speed), 
the generator phase current may be continuous (almost sinusoidal) or discontinuous (trapezoidal). The 
DC-DC converter controls the current in the generator, according to load needs. 

In Reference 40, it is inferred that the generator current is discontinuous, though only test waveforms 
at 3000 rpm are exhibited to prove it. Moreover, the distributed windings in Reference 40 are slotless, 
and thus, the machine inductance L, is smaller than usual. 

The winding tapping increases the phase current above N,,,,,/2 when it otherwise tends to be smaller, 
because the emf increases with speed. 


10.14.8 The Diode Rectifier Imposes almost Unity Power Factor 


Considering that the emfs per phase are sinusoidal and L,= L, = L,, the d-q model (Equation 10.76 and 
Equation 10.77) applies, and for almost zero Q, (reactive power), Equation 10.79 becomes 


L(#+2)-¥ i=0 (10.123) 
The maximum torque conditions (Equation 10.81 and Equation 10.82) apply to give the following: 


i en 1 i, 2 


2 (10.124) 
3 ‘You 


T,=- 
S 2P aL. 
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FIGURE 10.54 Vector diagram at maximum torque and unity power factor. 


10.14.9 Peak Torque-Based Sizing 


At 1,,;,. Corresponding to the ICE idle speed (1,,,;,/k,.;,) with half the rated power delivered, and with full 
power at 2n,,;,, it seems that the design for torque has to be performed for n,,,,,, and P, /2: 


Pie = eee (10.125) 


The maximum torque condition (Equation 10.124) may be used for sizing the machine. An assigned 
value of efficiency at n,,;, (0.7 or so) and T,, has to be put forward only to be corrected later in 
design. 

For sinusoidal current, the voltage equation (Equation 10.76) yields the vector diagram in Figure 10.54: 


min 


LR, + Vz. = — j2npn,,,, Vs Fe — IO, in Es 

_ (10.126) 

Ps = Poy tLig + iLigs ty = ty = Pony J2E, 
As known, V, is equal to Vie 2 , where V,,,, is the phase RMS voltage. 
10.14.10 Generator to DC Voltage Relationships 
The relationship between V, and the diode rectifier voltage V,, is as follows: 

3/6 3 
Vie as Eon AV inde 1 LO vind ac (10.127) 
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AV ine is the voltage drop along the diodes in series between two PMSG phases. L, is the commutation 
inductance of PMSG. L, corresponds to the subtransient inductance L’~ L. However, it should be 
maintained that the voltage drop along L, in Equation 10.127 is valid with discontinuous current and 


Ev pn 


E,,,N2=0,¥ ny (10.128) 


For sinusoidal current, the commutation voltage drop in the diode rectifier is “replaced” by the voltage 
drop along the machine reactance @,L., and then, 


Vg" “t Vion = AV size (10.129) 
I o yw 
= sk rmin_” PM 2 72 
Vion R, afd = J2 OF in eae I /2 
(10.130) 
I =] 2 = Pow 


Equation 10.127 through Equation 10.130, together with the power balance, are crucial for the design 
at@ and T,,: 


min 


Fo = V1, =3V, I 
2 Iph’ 2 V iodo! dc (10.131) 


10.14.11 The py, L,, R, Expressions 
The stator PM flux ‘P,,, is: 


Wy xW.K. (10.132) 


PM = P oman AW, 


The maximum PM flux per phase pole (tooth) is as follows: 


(10.133) 


Prmax = Big T, : La : K,, 


ae is the average airgap PM flux density below the stator slot pitch (for the nonoverlapping coil 
winding) when the PM pole has its axis along that stator tooth (pole) axis. Also, |, , is the magnetic 
length of the stator stack; W, is the number of turns in series per phase (or per current path). For the 
12/10 (N,/2p,) combination, W, = 4n. if all the coils per phase are connected in series. 

Again, the equivalent winding factor for the 12/10 (N/2p,) combination is 0.945 according to Table 10.1. 

The cyclic machine inductance contains the self-inductance and a contribution of the mutual induc- 
tance between adjacent phases. 

Because for the 12/10 (N,/2p,) combination half of the flux is closed through adjacent phases, the 
cyclic inductance L, becomes as follows: 


L.=Lj+=L, (10.134) 
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L,, is the airgap self-inductance per phase: 


) (10.135) 


where 
Hyg is the total magnetic airgap 
K. is the Carter coefficient 
K, is the magnetic core saturation coefficient 


The leakage inductance L, is calculated with a standard expression and essentially contains slot leakage 
and end-turn leakage: 


L,=c,-W? (10.136) 


L,, tends to be larger than for the non-overlapping windings with equivalent data by as much as 20 to 
30% or more, mainly due to additional differential leakage inductance additions. In view of the large 
total magnetic airgap, the magnetic saturation coefficient k, is likely to be smaller than 0.25. 

The Carter coefficient accounts for slot openings and is likely to be close to unity, as W.. <lhiye 
(1<K,<1.1). 

As the slot openings are rather small and the total magnetic airgap is large, L, is a good part (up to, 
maybe, 66%, in some cases) of L,,. 

The stator phase resistance R, is as follows: 


+7, (1+ 7/2) (10.137) 


skin coil stack 


d 
Rap, i7 "4 Ky hg = 2 


cooper 


The cross-section of the conductor from which the stator turns are made is as follows: 


I, 2 


Eat ei (10.138) 


‘cooper 5 
q CORK 


where Ie, is the peak current density adopted for peak torque (P,/2 at n,,_). 

Given the large maximum frequency, elementary conductors in parallel should be used to reduce skin 
effect. Moreover, at least 180° transportation (twisting of wires only in one coil end-connection zone) is 
required to reduce the circulating currents due to proximity skin subeffect in paralleled conductors. In 
general, k,;, has to be brought to below 0.33, as done for large SGs that face a similar problem at low 
frequency due to very large conductor cross-section. 

The design approach in the previous paragraph corroborated with the methodology in this paragraph 
should provide a solid basis for a practical design. We mention here only that peak torque T,, expressions 
(Equation 10.124 and Equation 10.125) are the basis for stator bore diameter and voltage and power 
expressions (Equation 10.128 and Equation 10.129) and are to be used to find the number of turns per 
phase (coil). 

We alluded to the design methodology in Reference 41 and stipulated above a few new design insights 
for the envisaged application. We now stop here, leaving the interested reader the freedom to further our 
pursuit the way he or she feels fit. 
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10.15 Methods for Testing PMSGs 


PMSGs represent a rather novel technology, and thus, special standards for their testing are not yet 
available. They may be, however, assimilated with SGs with standards that are available (Institute of 
Electrical and Electronics Engineers [IEEE] standard 115/1995). Even for SGs, the standards refer to 
constant speed operation. 

On the other hand, methods for testing PM synchronous motors were proposed over two decades ago 
[45, 46]. 

The methods of testing PMSGs can be classified by the operation modes: 


* Standstill modes 
* No-load and short-circuit tests 
* Load tests 


or by the scope: 


: For loss and efficiency assessment 
+ For parameters estimation 


Standstill tests are used only for parameter estimation, while the others may be used either for 
parameter or for loss (efficiency) assessment. 
The types of tests required for parameter (Lj, L,) estimation depend on the following: 


* The presence (or absence) of damper (copper shield) on the rotor 
* The surface PM or IPM rotor pole configuration, which helps to determine if magnetic saturation 
is or is not important 


We will proceed with standstill tests and then continue with no-load and short-circuit tests to end 
with load tests and emphasize which parameters or losses can be identified there. 


10.15.1 Standstill Tests 


The DC current decay and frequency response in axial d and q standstill tests were standardized and are 
described in the IEEE standard 115/1995, dedicated to general SG. 

The DC current decay tests may produce the magnetization curves along axis d and q by integrating 
the voltage drop along stator resistance (Figure 10.55a through Figure 10.55c and Figure 10.56a through 
Figure 10.56c): 


Bae Ree 2° : : 
Lylipigg = | Rides V dts i,(t)=1,(t) (10.139) 


cs (i, =¥,,,+L, (i, ji, (10.140) 


The rotor is placed in axis d by itself when the stator is DC current fed with the connection of phases as 
in Figure 10.55a. The rotor is then stalled into the d axis position. 

The tests in axis q are made without moving the rotor from the initial position by changing the 
connection of phases, as in Figure 10.56: 


q* qo 


W (ig) = Ly ling ing = BF ts vst (10.141) 


The experiment has to be done for a few initial values of DC current — positive and negative in axis d 
(along PMs) and only positive in axis q. 
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FIGURE 10.55 Standstill tests in axis d: (a) the scheme, (b) the current decay, and (c) d axis magnetization curve. 


4 
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FIGURE 10.56 Standstill tests in axis q: (a) the scheme, (b) the current decay, and (c) q axis magnetization curve. 
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(a) (b) 


FIGURE 10.57 (a) Test results in direct current (DC) decay tests in axes d and q (b) for a 140 Nm peak torque 
high-saliency interior permanent magnet (IPM) machine. 


Note the following: 


* The diode voltage drop has to be considered in the integral, as it may not be negligible, and thus, 
may introduce errors above 10 to 15%. 

+ The stator resistance R, may vary from one test to another, and thus, it should be updated before 
each current decay test by measuring V,.and i, (i,) and calculating R_ =2V,/31,3 R, =V,,/21,,- 

+ The magnetic hysteresis may also influence the result. After each test, a few positive and negative 
(+) decreasing current pulses may be applied to cancel the hysteresis effects. 

+ The variable voltage (current) source with fast turnoff may be a standard voltage-source PWM 
inverter controlled with a variable modulation index to produce only the conduction of phases 
in Figure 10.55a and Figure 10.56a. 

* In a surface PM pole rotor PMSG, Lj = L, and the d and q standstill DC current decay tests may 
be used to verify that this is the situation or to uncover an IPM rotor. 

* Typical DC current decay test results, obtained according to the above methodology, are shown 
in Figure 10.57a and Figure 10.57b for a 140 Nm peak torque, for a high-saliency IPM rotor SG. 


In axis d, the flux ‘¥, changes sign only, apparently demagnetizing the PMs. But this is not the case, 
as the leakage inductance L, is about equal to the magnetization axis inductance L,,, (Lg = Lg, + Ly). 
Consequently, most negative flux in axis d is leakage flux. 

FEM calculations with current components in both axes d and q led to unique magnetization curves 
in axes d and q as functions of total stator current i, (Figure 10.58). 

The cross-magnetization, visible mostly in IPM machines, is still mild and may be described by the 
unique magnetization curves concept [50]: 


(w; a 2 


L,@)= 


s 


Se 
i,<>0 for ¥, <> 


+ 


Fi na oe = sche 
LG,)= 73 Y= L,G,)i, 


Ss 


Y =P, tL, (i)-i, (10.142) 
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FIGURE 10.58 Finite element method (FEM)-extracted and expiremental unique magnetization curves in axes d 
and q vs. total stator current i, for an interior permanent magnet synchronous generator (IPM-SG). (Adapted from 
I. Boldea, L. Tutelea, and C.I. Pitic, IEEE Trans., [A-40, 2, 2004, pp. 492-498.) 


Equation 10.142 allows for the computation of d—q inductances after the unique magnetization curves 
are identified from FEM or from load tests, as explained later in this section. 

In general, L, (along the axis of PMs) may be considered constant, even in IPM machines, while L, 
is a function of i, (total stator current, when i, < i,) as obtained from standstill DC current decay tests. 

For surface PM pole rotor machines, L, = Ly and both are constant or mildly variable as a function 
of i, rather than of i, or i,. 

Let us note that, in reality, the above-described magnetization curve in axis d may not be drawn unless 
the PM flux linkage ‘¥,,, is determined from a different test. At standstill, only if torque may be measured, 
the ¥,,, may be determined from the following: 


3 ile Laie 
T, = 3 CY G,)i, —F,G,)iy) (10.143) 


If the rotor position 6,,and stator DC current ,, with the phase connection as in Figure 10.55a, are known, 


1, =1, cos, ; i, =1,sin@,, (10.144) 


From the two unique magnetization curves, for given i,, i,, and measured torque T,, ‘Y,(i,) is obtained 
with a few values of i, and 6,,. 

To measure the torque at standstill, either a torquemeter is used or a PM DC motor is loading the 
PMSG to maintain zero speed. The DC motor current i,,,, is proportional to the torque, and calibration 
of i,,,, to torque for the PM DC motor is straightforward: T.. 

The frequency response tests at a single frequency may not be enough to determine the transient 
inductances L’, L’ of the PMSG. The PMs represent a weak damper winding, while the copper rotor 
shield is also a mild one. We have to operate with frequencies in the range of those caused by the 
space mmf slot-opening harmonics and the current time harmonics corresponding to the entire speed 
range of the machine. For super-high-speed PMSGs, such frequencies are in the range of kilohertz 
and tens of kilohertz. For more details on frequency response tests on super-high-speed PMSGs, see 
Reference 26. 
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FIGURE 10.59 Generator no-load test arrangement. 


10.15.2 No-Load Generator Tests 


No-load generator tests need a small power prime mover. Today, variable-speed induction motor drives, 
with torque and speed estimation, are available off the shelf and may be used to drive the PMSG on no 
load at various speeds (Figure 10.59). 

The no-load generator tests at various speeds may be used to identify the mechanical plus core losses 
at those speeds: 


Pree + Pion ® Ee (10.145) 


with p, equal to the number of pole pairs in the induction machine (IM) driver. 

T «is corrected for mechanical loss torque of the IM. To do so, the IM drive is first driven uncoupled 
from the PMSG, and the torque is again estimated. The errors of this estimation are not small, however. 
Alternatively, the IM drive losses may be segregated in advance. 

On no load, with IM electrical speed measured, the PMSG electric speed @, is as follows: 


@ =O (Praise (10.146) 


5 ™ (Pax 


The PM flux linkage Y,,, is 


V V2 
pe sa (10.147) 


PM V3-0. 


It is feasible to connect variable capacitors (Figure 10.59) to modify the magnetization state, mainly along 
axis d: 


~ -o(P, +L 1 ee a 10.148 
Q, 4=,( a re dos ( * ) 


Consequently, the ‘¥ ,(i,) curves may be obtained with variable capacitors only. 
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The core losses also change due to i, armature mmf presence, and this eventually is sensed by using, 
again, Equation 10.145. 

The separation of p,,,,. from p;,,, May not be done through no-load generator tests unless the capacitor 
is variable. But many times, this separation is not necessary. 


10.15.3 Short-Circuit Generator Tests 
The same arrangement as those for no-load generator tests may be used for short-circuit steady-state 
tests, to be operated at a few frequencies. Above a certain frequency, 


I, On, — Vowens) 


IT i os 
_ V2 V20,L, V30,L,, 


(10.149) 


L,, is the unsaturated value of d axis inductance. 
The core losses are small in this test, but besides mechanical losses and stator-winding losses, stray- 
load losses in the rotor may be measured in this test if p,,,,. is already somehow known: 


yp = Prec + SR (Lt Kin MI, + Psrray(@,1,) (10.150) 


The rotor losses p,,,., are produced by the space harmonics of the stator mmf augmented by the stator 
slot openings and by the time harmonics of the stator currents (mmf). It may be argued that we lumped 
into Psa, the stator surface losses due to airgap PM flux density harmonics caused by stator slot opening. 
This is true, but this is the core of the strayload losses definition. 

Considering that the mechanical losses are known, and also the stator resistance at low frequency is 
known, the skin effect coefficient k,,,, (in Equation 10.150) may be obtained through a test without the 
rotor in the airgap. If this test is performed at frequency f, up to maximum frequency with a PWM 
voltage source inverter, only the winding losses are important, and thus, with (R,),. known, current and 
power measured, k,.;,,({f,) may be determined. 


10.15.4 Stator Leakage Inductance and Skin Effect 


The test with the rotor absent in the airgap (Figure 10.60a) may also be used to separate the reactive power: 


Q, = 30,L,,1%,/2 (10.151) 


1313" s 


The machine inductance is only marginally larger than the stator leakage inductance. One more test in 
the same situation, with all phases in series (Figure 10.60b), provides for the homopolar inductance L,,: 


Q, =30,L,, Fy, /2 (10.152) 


L,, is smaller than L,. Consequently, from the two tests, the stator leakage inductance L, may be safely 
calculated as an average of the two: 


Ly = (Ly, + L,,)/2 (10.153) 


If the null point of windings is not available, it is possible to connect phase a in series with phase b and 
c in parallel, as in Figure 10.60c, and repeat the tests. Again, the inductance measured is around the 
leakage inductance. The reactive power is as follows: 


P/2 (10.154) 


Slane $0 


3 
Q = soe 
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FIGURE 10.60 Alternating current (AC) tests without rotor in place: (a) three-phase, (b) a—bc connection, and (c) 
phases in series. 


Notice that J, is the current space-phasor amplitude I, = I, (2, where I , is the stator-phase RMS current. 
If the stator current contains time harmonics, the leakage inductance has to be calculated by segregating 
and using only the current and reactive power fundamentals. 


10.15.5 The Motor No-Load Test 


The motor no-load test at variable voltage is standardly used to segregate mechanical losses from iron 
losses in motors. It may also be used for the PMSG, but if a notable stator mmf reaction occurs, the iron 
losses on load are notably larger than on no load. 

Running the PMSG as a motor, even at no load (mechanical no load), implies using either a PWM 
converter with position-triggered control or driving it somehow near synchronism and with self- 
synchronization to the power grid. 

The total losses (active power) in this test are as follows: 


YP Pal O,)+ Pol V2 ERE 05) 


During the test for variable voltage V, and the same speed (frequency, @), p,,., remains constant, but 
Piron Varies with Vv? (if eddy current core losses are notably larger than hysteresis losses). 

When representing Equation 10.155 on a graph (Figure 10.61), its intercept with the vertical axis 
represents the mechanical losses for the given speed @.. 
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FIGURE 10.61 Segregation of mechanical losses in the no-load motoring test. 


The no-load motoring test may also be used to approximately obtain the d axis (PM) magnetization 
curve as follows: 


V.=oF (i); i, =i (10.156) 


d som 


Next, the machine current i, changes sign. In general, at rated voltage V. <V,=@, ¥ ,,,, the reduction 
of V,,, during the test keeps the machine overexcited. Consequently, the armature reaction reduces the 
total flux in the machine (i, stands for demagnetizing). 

Note that generating for the same voltage and speed would mean higher total emf and, thus, heavier 
magnetic saturation. Operating the motor on no load at a higher than rated generator voltage by 3 to 


4% might produce more realistic results. 


10.15.6 The Generator Load Tests 


The load tests should generally be performed for the same conditions as in the real operation mode. That 
is, if a diode or an active front-end rectifier is used in the application, it has to be there during the tests. 
However, it is also feasible, for novel configurations and proof of principle prototypes, to use a simplified 
test arrangement (Figure 10.62a and Figure 10.62b). 

The variable capacitor bank is used to simulate PMSG voltage boosting to keep, for example, the load 
voltage constant at constant speed, when the load increases. 

The on-load tests are used to verify temperatures and to determine the efficiency as the input P”" and 
output pe are measured: 


el 


= —0t (10.157) 


n = 
PMSG mec 
Ee 


High-precision power measurements are required to render the real value of efficiency. 

The DC voltage vs. DC current V,.(J;.), for given speed and various capacitors or for various speeds and 
loads, may be obtained with diode rectifier load. For the AC load Z,, with given R,/L, ratio, the generator 
voltage V, vs. phase current I, can also be obtained. V,( Py can be obtained as in stand-alone tests (some 
results were shown in Section 10.6 and Section 10.7 of this chapter). The capacitor C;on the DC side is 
replaced by a battery if this is the case in the application. 

The load testing, basically with resistive inductive AC or DC load, may also be used to detect at least 
one (q axis) of the d—q magnetization curves if the other (d axis) is known from no-load tests. 
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FIGURE 10.62 Load testing arrangements: (a) with diode rectifier load and (b) with alternating current (AC) load. 
Let us consider the steady-state equations in the d—q model: 


1,R +V,=t+0P%; Y =Li 
$ d rg q q4 


. (10.158) 
i,R, + a = OF 53 Y, a Po + Lt, 
From Equation 10.158 and Figure 10.63, 
Vv, =—-V_cosé, <0; Y =-V sind, <0; 0<6, <90° (10.159) 
I, =-L,sin(6, +,)<0; I, =1,V2 
(10.160) 
ie =I, cos(6,, +9,)<0; Vi= v2 
V sind, +I,R,cos(6,, +@,) 
a= is >0 
‘ (10.161) 
y = —V.cos6d,, —I,R, sin(6,, +@,) A 
q (a) 


r 
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FIGURE 10.63 Vector diagram with permanent magnet synchronous generator (PMSG) delivering active and 
reactive power. 


By measuring V,, I, and cos@, (from P,, V,, I,), Equation 10.161 still contains three unknowns 7 , ce 
and 6,. 
The zero power generator plus capacitor test produces the expression of  ; 


= Pay tli V2V,/0,, =P (10.162) 


with L, being basically constant. 
The unsaturated inductance L, may also be provided from the short-circuit test: 


ov 
,=— t= E (10.163) 
oI. V2 OL .5 
E is the emf (PM-induced voltage) or the no-load voltage for given speed (frequency). 
With Equation 10.162 in Equation 10.161, and L; and ¥,,, known, 
ov, +1(@.L, sin(6, +9,)-R, cos(6,, +9,))=V, sind, (10.164) 


It is now obvious that at least iteratively, the power voltage angle 6,, may be calculated from Equation 10.164. 
In Reference 44, Equation 10.164 is manipulated toward a second-order algebraic equation in x=cosé,, 
(sin oy =,/1—x? ), whereby with the condition 6, +, < 90°, the solution is chosen. Once 6, is known, from 
Equation 10.161, the magnetization curve along axis q, ¥ 7,), for various i,, i, combinations, may be 
obtained. 
In a surface PM pole rotor, Lj = L,=L, even if the machine gets saturated. Then, 
Y= Voy + L (ist, ig 


ho then (10.165) 
ca =L (i,t, )i, 


with VY oe found from the no-load test, and after introducing Equation 10.165 in Equation 10.161, we 
obtain two equations with two unknowns — L,(i, i,) and 6). 
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FIGURE 10.64 Unique inductance L,vs. total current i, for various (i, i,) combinations. 


A simple iterative solution of Equation 10.161, now under the form as follows, 


I [@_.L, sin(6,, + @,)—R, cos(6,, +9, )]=V, sind, —@,'¥,., (10.166) 


ToL, cos(6,, +9,)-R, sin(6,, +9,)]=V, cos6,, (10.167) 


proves both variables L,(i, i,) and 6,,. Then, it may be checked if the unique magnetization curve concept 
really applies for the case, by representing L,(I,) with i, = |i; + - , as in Figure 10.64. 

If the experimental values of L, calculated for various (i,, 1,) do not fall around a unique L,(i,) function, 
the family of curves L,(i,, i,) is to be used. The unique L,(i,) function, if applicable, however, simplifies 
the digital simulations for transients and control design. 


10.16 Note on Medium-Power Vehicular Electric 
Generator Systems 


By medium-power vehicular electric generator systems, we mean here those systems with the powers in 
the hundreds of kilowatts to tens of MW used on aircraft and vessels. In terms of operation principles, 
they may be synchronous with excitation or PMs or induction or switched reluctance types. 

All these types were treated in notable detail in previous chapters. This is why here we will dwell only 
on advanced configurations most suitable for aircraft, trains, and vessels. 

The electric power on board aircraft is expected to reach in the future up to 500 kW per engine in a 
more electric aircraft. 

Diesel engine long-haul or commuter trains with electric propulsion require better generators. 

Electric propulsion is also typical in low dead weight vessel, and up to 20 to 30 MVA SGs are used as 
power sources to supply the electric propulsion motors through their power electronics control. 

Up to 3 MVA generators with 690 V (line voltage, RMS value) output may be adopted. 

Above these power levels, medium-output voltage generators up to 6 kV (line voltage, RMS value) are 
applicable. 

Aircraft generators operate at speeds up to 30 to 60 krpm and powers up to 250 to 500 kW/unit. For 
diesel engine electric trains and vessel, the speeds are generally in the range of 1000 to 3000 rpm, and 
powers per unit from a few hundred kilowatts to MVA and tens of MVA. 

Besides, starter generators on engine shafts at powers up to 250 to 500 kW/unit and emergency 
generators in the range of tens of kilowatts are also needed on aircraft. Three or four 250 kW generators 
have to be connected in parallel, or islanded, as required, for optimum use of energy and best reliability 
and power quality. 
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SGs with brushless excitation control for constant 400 Hz and constant voltage output are the standard 
on aircraft. Once full power electronics on board is accepted, PM or switched reluctance generators with 
the DC power bus at 270 V,,, for example [48-50], might come quickly. 

SGs with excitation regulation for voltage control and speed regulation for frequency control are also 
standard on diesel engine electric trains and vessels. 

However, at least up to 3 to 5 MVA multiple-pole PM generators with frequency up to 500 Hz, together 
with boost DC—DC converters to secure a constant DC voltage bus, may be adopted for trains and small 
vessel applications. 

It should now be noticed that the above schemes were already discussed in the chapters on SG 
performance, design, and control, in this chapter and in Chapter 9 on switched reluctance generators. 

This is why here we do not pursue further the medium-power vehicular generator systems. 


10.17 Summary 


By PMSG, we understand here a radial and axial airgap PM brushless generator with distributed 
or concentrated stator winding and surface PM or interior PM pole rotors. 

The PMSG applications span from wind turbine and microhydroturbine direct-driven electric 
generators, to automotive starter generators, or generators only for automotive applications, 
mobile or standby gensets with multiple output, and super-high-speed gas turbine generator 
systems for distributed power systems or for stand-alone applications. 

The market for PMSGs is gaining momentum worldwide, and the potential for fast growth seems 
very good. 

Rotors for PMSGs are built in cylindrical or disk shapes with surface PM or interior poles. Hybrid 
surface PM plus variable reluctance rotor sections may be combined for wide constant power 
speed range applications. 

For super-high speeds (above 15,000 rpm), a thin copper shield over the PMs and a carbon fiber resin 
retaining ring may be needed to reduce rotor electrical losses and provide for mechanical rigidity. 
Besides distributed windings, for powers up to 100 kW at 80,000 rpm, non-overlapping (tooth- 
embrace) coil windings may be applied, as they show high fundamental winding factors, lower 
copper losses, but slightly higher core losses as the number of poles is larger. 

The maximum fundamental frequency in super-high-speed PMSGs may go up to 2.5 kHz for up 
to 150 kW and up to 1 kHz for powers in the 1 to 5 MW range. 

For surface PM pole rotor PMSGs, in the absence of magnetic saturation, a comprehensive 


analytical model was built to explore steady state and transient performance. The space harmonics 
of the stator mmf airgap field with consideration of slot openings, through a permeance P.U. 
function, are included; thus, a realistic resultant airgap flux density distribution is built. A similar 
model was described for the axial airgap rotor PMSG, where an additional radial flux distribution 
change P.U. factor was introduced to make the model more realistic. 

Traditionally, core losses were calculated by analytic formulas under no-load conditions. It was 


recently shown that additional substantial core losses occur under load conditions. Analytical 
formulas for this case were also proposed but were only based on FEM-extracted time evolution 
of flux density in the finite element added contributions. Good correlation with test results was 
shown by such a combined method. The rotational character of the magnetic field in various 
machine core regions is very important to consider. 

For the investigation of transients, the phase coordinate model is first used. Then, the d—q model 
is shown to be a practical method for the study of transients and control performance and design. 
The d—q model may be used when the emf is sinusoidal and the phase inductances are either 


independent of or vary sinusoidally with rotor position. For the PMSG with shunt capacitors and 
AC load or diode rectifier load, the d-q model is instrumental in investigating the PMSG steady 
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state and transient performance. A potential oscillatory dynamics effect has to be eliminated in 
such schemes. 

When a PWM voltage source inverter is added to the diode rectifier, the PMSG system may deliver 
constant frequency and voltage power to a local power grid or to separate loads, at variable speed. 
It was proven that if a third harmonic in the stator emf of PMSG is produced, the latter may 
increase the output by as much as 15% with a three-phase diode rectifier for both series and bridge 
connections, with a loss of efficiency of about 1% only. The addition of the fourth diode leg to 
the three-phase bridge diode rectifier seems to pay off. A larger number of phases does not seem 
to produce better effects due to repetitive commutations. 

A variable inductance in parallel with a capacitor at machine terminals may produce very good 
dynamic performance in PMSG with constant speed controlled diesel engine prime movers and 
constant voltage output with load. A thyristor variac in series with the fixed inductances is 
controlled to regulate the load voltage at constant value. State feedback control systems perform 
well for such applications. 

When PMSGs have a diode rectifier at their terminals, the equivalent fundamental power factor 
angle in the machine ®, is forced to a small value: from zero at low frequencies to 10 to 15° at 
1 kHz or so. In these conditions, the maximum torque, for L;= L,=L, (surface PM rotor), is as 
follows: 


This limitation may serve as a key design relationship, when sizing a PMSG of lower synchronous 
reactance X,(p.u.) is desirable. 

Gensets for mobile or standby power based on PMSGs may be built with multiple outputs, 
provided full power electronics control is provided. Variable speed is used to reduce fuel con- 
sumption. In such conditions, a DC voltage booster is required, besides the PWM voltage source 
inverter on the load side. As a 28 V,. battery is used for the starter of the prime mover, the latter 
is used through a three-stage voltage booster to supplement the DC link voltage when it is too 
low momentarily (for a few seconds to minutes) until the speed of the engine recovers [24]. 
The 50 (60), 400 Hz three- and single-phase output selection is a special asset of the new gensets, 
in addition to their reduced mass and volume in comparison with the standard ones that make 
use of voltage-controlled SGs at constant output frequency (and speed). 

PMSGs were recently proposed for automobiles at 42 V,. to replace the existing claw-pole alter- 
nators, as more power is needed on board and at a higher efficiency (less fuel), with faster 
availability under load variations. 

PMSGs are being introduced for super-high-speed gas turbines for powers up to a few MW to 
reduce volume and cost, while providing fast active and reactive power control (at variable speed) 
on local power grids or separate loads. 

Mechanical constraints expressed in terms of maximum peripheral speed or rotor diameter vs. 
speed have to be observed for super-high-speed PMSGs. 

In super-high-speed PMSGs (rotor peripheral speed above 150 to 200 m/sec), the fundamental 
frequency may go up to 2.5 kHz for 100 to 200 kW and 1 kHz in the MW power/unity range. 
Higher frequency leads to a lower volume machine with lower copper losses but larger iron losses. 
It also causes large commutation losses in the PWM converter used for control. 

A super-high-speed rotor may run through one to three critical speeds before reaching the rated 
speed [46]. These critical speeds have to be driven through quickly, to avoid excessive noise and 
vibration. 

Super-high-speed PMSGs in the MW power range and 12,000 to 15,000 rpm require, in addition 
to the diode rectifier, with or without a DC link voltage booster, a PWM medium-voltage multilevel 
converter. Such converters are now available up to tens of MW and may also be used for the scope. 
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Back-to-back two-level voltage source (six-leg) PWM converters [51] may be used for powers up 
to 1 MW or so to provide full four-quadrant operation with motoring, for starting the turbine. 
The electromagnetic design of a PMSG depends essentially on the operating modes, power, and 
output voltage range. Due to such variations, it seems practical to use a given rotor shear stress 
range (0.5 to 5) N/cm* to size the stator internal diameter D,, and the stack length for the maximum 
torque required in the design. From high-speed voltage constraints, the number of turns per phase 
is calculated after looking for the minimization of peak current for maximum torque at minimum 
speed. Winding tapping may be used for wide constant power speed range, to reduce the peak 
current for given output voltage; that is, to reduce the PWM converter costs. 

PMSGs are a novel technology, and thus, special standards for their testing are not yet available. 
Many of the standard tests (IEEE standard 115/1995) for regular synchronous machines may be 
applied to PMSGs as well. Standstill, no-load, and short-circuit generator, no-load motor, and 
load tests may all provide information on PMSG energy conversion performance (losses, efficiency, 
power at given voltage and speed) and parameter (‘Pp L4, L,, R,) estimation. 

Only mild cross-coupling saturation effects were found in PMSGs, and thus, they may be des- 
cribed by two unique magnetization curves along axes d and q: ¥(i,), Yili.) with the following 
inductances [47]: 


(wit 
)= 3 L 


1 oe 1 
$s $ 


L, (i 
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and 


W=L,G,)i,+¥ 


d ¥, = L, (,)i, 


PM > 
where i, is the total stator current i, = ji; +i. 
The PMSG systems — with full power electronics digital control — may be considered a novel 
technology with exceptional growth potential in the near future for renewable energy conversion 
distributed power systems and for vehicular technologies [51]. 
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11.1 Introduction 


There are certain applications, such as direct-driven wind generators, that have very low speeds (15 to 
50 rpm) and microhydrogenerators with speeds in the range of up to 500 rpm and power up to a few 
megawatts (MW) for which permanent magnet (PM) generators are strong candidates, provided the size 
and the costs are reasonable. 

Even for higher speed applications, but for lower power, today’s power electronics allow for acceptable 
current waveforms up to 1 to 2.5 kHz fundamental frequency f,,. 

Increasing the number of PM poles 2p, in the PM generator to fulfill the standard condition 


fin =P, °11,3. 1, — Speed (rps) (11.1) 


thus becomes necessary. 

Then, the question arises as to whether the PM synchronous generators (SGs) with distributed wind- 
ings are the only solution for such applications, when the lowest pole pitch for which such windings can 
be built is about ,,,,, = 30 mm, for three slots/pole. And, even at T= 30 to 60 mm, is the slot aspect ratio 
large enough to allow for a high enough electrical loading to provide for high torque density? The apparent 
answer to this latter question is negative. 


11-1 
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FIGURE 11.1 The single-sided transverse flux permanent magnet (PM) machine: (a) with surface PM pole rotor 
and (b) with rotor PM flux concentration (interior PM poles). 


The nonoverlapping coil winding concept (detailed in Chapter 10) is the first candidate that comes to 
mind for pole pitches tT > 20 mm for large torque machines (hundreds of Newton meters [Nm]), but when 
the pole pitch tT = 10 mm, they are again limited in electrical loading per pole, though there is about one 
slot per pole (N, = 2p). In an effort to increase the torque density, the concept of a multipole span coil 
winding can be used, which becomes practical, especially when the number of PM poles 2p, > 10 to 12. 

Two main breeds of PM machines were proposed for high numbers of pole applications: transverse 
flux machines (TFMs) and flux reversal machines (FRMs). 

The TFMs are basically single-phase configurations with single circumferential coil per phase in the 
stator, embraced by U-shaped cores that create a variable reluctance structure with 2p, poles. A 2p, pole 
surface or an interior pole PM rotor is added (Figure 11.la and Figure 11.1b). Two or three such 
configurations placed along the shaft direction would make a two-phase or three-phase machine [1]. 

There are many other ways to embody the TFM, but the principle is the same. For example, the concept 
can be extended by placing the PM pole structure in the stator, around the circumferential stator coil, while 
the rotor is a passive variable reluctance structure with axial or radial airgap (Figure 11.2a and Figure 11.2b) [2]. 

The PM flux concentration is performed in the stator, in Figure 11.2 configurations, but the PM flux 
paths in the rotor run both axially and radially; thus, the rotor has to be made of a composite magnetic 
material (magnetic powder). 


Stator pole 


Stator pole Magick 


Winding 
Rotor 


Rotor pole 


(a) (b) 


FIGURE 11.2 Transverse flux machine (TFM) with stator permanent magnets (PMs): (a) with axial airgap and 
(b) with radial airgap. 
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The TFMs with rotor or stator PM poles are characterized by the fact that the PM fluxes of all North 
Poles add up at one time in the circumferential coil, and then, after the rotor travels one PM pole angle, 
all South Poles add up their flux in the coil. Thus, the PM flux linkage in the coil reverses polarity 2p 
times per rotor revolution and produces an electromagnetic field (emf) E;: 


ao’, dO, ag! 
E= oe eg ee 
Pog at? 00. 


~B Prhvac 7 Sin pO, (11.2) 


where 
lack 18 the axial length of the U-shape core leg 
0, is the mechanical angle 
B, is the PM airgap flux density 
T is the pole pitch 


®,,/ is the total flux per one turn coil 


From Equation 11.2, 


stack back : O, : sin p 0. ( 1 1.2) 


AW i Be) ‘2-m-n=—W,-B,-T-p,: 
Equation (11.2) serves to prove that for the same coil and machine diameter (2p,t = constant), the 
number of turns, and stator core stack length, if the number p, of U cores is increased, the emf is increased, 
for a given speed. This effect may be called torque magnification [2], as torque T, per phase (coil) is as 
follows: 

BAG Ye). 


s 


@, =2-1-n- 11.3 
© phase 2--n 1 P, ( ) 


The structure of the magnetic circuit of the TFM is complex, as the PM flux paths are three-dimensional 
either in the stator or in the rotor or in both. 

Soft composite materials may be used for the scope, as their core losses are smaller than those in silicon 
laminations for frequencies above 600 Hz, but their relative magnetic permeability is below 500 py at 1.0 T. 
This reduces the magnetic anisotropy effect, which is so important in TFMs. This is why, so far, the 
external rotor TFM with the U-shape and I-shape stator cores located in an aluminum hub is considered 
the most manufacturable (Figure 11.3a and Figure 11.3b) [3]. Still, the additional eddy current losses in 
the aluminum hub carrier are notable. 

Though double-sided TFMs with rotor PM flux concentration were proposed (Figure 11.4a and 
Figure 11.4b) to increase the torque per PM volume ratio, they prove to be difficult to manufacture. 

While increasing the torque/volume and decreasing the losses per torque are key design factors, the 
power factor of the machine is essential, as it defines the kilovoltampere of the converter associated with 
the TEM for motoring and generating. 


(b) 


FIGURE 11.3 The three-phase external permanent magnet (PM)-rotor transverse flux machine (TFM): (a) internal 
stator and (b) external rotor. 
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(a) (b) 


FIGURE 11.4 Double-sided transverse flux machine (TFM) (a) without and (b) with rotor permanent magnet (PM) 
flux concentration. 


The ideal power factor angle @, of the TFM (or of any PM synchronous machine [SM]) may be defined, 
in general, as follows: 


@,, = tan! 14 (11.4) 


where 
L, is the synchronous inductance of the machine 
I, is the phase current 


Equation 11.4 is valid for a nonsalient pole machine behavior (surface PM pole machines). 

For the interior PM pole TFM with flux concentration and a diode rectifier, the machine is forced to 
operate at about unity power factor. In such conditions, what is the importance of @,, as defined in 
Equation 11.4? It is to show the power factor angle of the machine for peak torque (pure [, current 
control for the nonsalient pole machine). For generality, the presence of a front-end pulse-width mod- 
ulated (PWM) converter is necessary to extract the maximum power and experience the @,,, power factor 
angle conditions. The power factor at rated current cos@,,, is a crucial performance index. 

In any case, the larger the machine inductance voltage drop per emf, the lower the power factor 
goodness of the machine. From this point of view, the PM flux concentration, though it leads to larger 
torque/volume, also means a higher inductance, inevitably. The claw-pole stator cores were proposed to 
improve the torque/volume, but the result is still modest [3], due to low power factor. Consequently, 
only at the same torque density as in the surface PM pole machine, can the TFM with PM flux concen- 
tration eventually produce the same power factor at better efficiency and with a better PM usage. While 
the above rationale in power factor is valid for all PM generators, the problem of manufacturability 
remains heavy with TFMs. 

In order to produce a more manufacturable machine, the three-phase flux reversal PM machine (FRM) 
was introduced [4]. FRM stems from the single-phase flux-switch generator [5] and is basically a doubly 
salient stator PM machine. The three-phase FRM uses a standard silicon laminated core with 6k large 
semiclosed slots that hold 6k nonoverlapping coils for the three phases. 

Within each stator coil large pole, there are 2n, PM poles of alternate polarity. Each such PM pole 
spans Tp, The large slot opening in the stator spans 2/3 Tp,,. The rotor has a passive salient-pole laminated 
core with N, poles. To produce a symmetric, basically synchronous, machine, 


(11.5) 


MM 


2 
2-N. Tos, -[2», orton}, 
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FIGURE 11.5 Three-phase flux reversal machine (FRM) with (a) stator surface permanent magnets (PMs) 
(N, = 12; n, = 2;N,= 28) and (b) inset PMs (N, = 12; n, =3;N,= 40). 


where 
k=1,2,... 
ny = 15: 25258 


A typical three-phase FRM is shown in Figure 11.5a and Figure 11.5b. 

As for the TEM, the PM flux linkage in the phase coils changes polarity (reverses sign) when the rotor 
moves along a PM pole span angle. The structure is fully manufacturable, as it “borrows” the magnetic 
circuit of a switched reluctance machine. However, the problem is, as for the TFM, that the PM flux 
fringing reduces the ideal PM flux linkage in the coils to around 30 to 60%, in general. The smaller the 
pole pitch T),,, the larger the fringing and, thus, the smaller the output. There seems to be an optimum 
thickness of the PM hp,, to pole pitch T,,, ratio, for minimum fringing. 

On the other hand, the machine inductance L, tends to be reasonably small, as end connections are 
reasonable (nonoverlapping coils) and the surface PM poles secure a notably large magnetic airgap. 

Still, in Reference 4, for a 700 Nm peak torque at 7 N/cm? force density, the power factor would be 
around 0.3. In order to increase the torque density for reasonable power factor, PM flux concentration 
may be performed in the stator (Figure 11.6) or in the rotor (Figure 11.7). 


FIGURE 11.6 Three-phase flux reversal machine (FRM) with stator permanent magnet (PM) flux concentration. 
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FIGURE 11.7. Three-phase flux reversal machine (FRM) with rotor permanent magnet (PM) flux concentration 
and dual stator. 


The FRM with stator PM flux concentration is highly manufacturable, but as the pole pitch T,,, gets 
smaller, because the coil slot width w, is less than Tp,,, the power factor tends to be smaller. For tp, = 10 
mm and w, = Tpy and a 4w, height, with j,,.,= 10 A/mm? and slot filling factor kj = 0.4, the slot 
magnetomotive force (mmf) W-I,.q, is as follows: 


WI 


c ~ peak = 


w [mm]-4-w,[mm]-k =10-4-10-0.4-10=1600 Aturns/slot 


fill zi) peak 

Larger slot mmfs could be provided for the TFM and FRM with stator surface PM poles. However, 
the configuration in Figure 11.7 allows for the highest PM flux concentration, which may compensate 
for the lower W-I,,,, and allow for lower-cost PMs, because the radial PM height is generally larger than 
3 to 4 Ty. As with any PM flux concentration scheme, the machine inductance remains large. But, for 
not so large a number of poles, the machine’s easy manufacturability may pay off. On the other hand, 
the FRM with rotor PM flux concentration configuration (Figure 11.7) provides for large torque density, 
because, additionally, the allowable peak coil mmf may be notably larger than that for the configurations 
with stator PM flux concentration (Figure 11.6). 

The rotor mechanical rigidity appears, however, to be lower, and the dual stator makes manufacturability 
a bit more difficult. Still, conventional stamped laminations can be used for both stator and rotor cores. 

To provide more generality to the analysis that follows, we will consider only the three-phase TFMs 
and FRMs, which may work both as generators and motors with standard PWM converters and position- 
triggered control. 


11.2 The Three-Phase Transverse Flux Machine (TFM): Magnetic 
Circuit Design 


The configuration for one phase may be reduced to the one in Figure 11.1a, but inverted, to have an 
external rotor. The iron behind the PMs on the rotor may be, in principle, solid iron, which is a great 
advantage when building the rotor. 
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FIGURE 11.8 Transverse flux machine (TFM) — aluminum carrier with interior stator cores and coil. 


Also, the stator U-shape and I-cores (Figure 11.4a) may be made of silicon laminations. The aluminum 
carriers that hold tight the stator I- and U-cores are the main new frame elements that have to be 
fabricated by precision casting. 

Apparently, the circumferential coil has to be wound turn by turn on a machine tool after the U-cores 
have been implanted in the aluminum carrier. Then, the I-cores are placed one by one in their locations 
on top of the coil (Figure 11.8). 

It was shown that, in order to reduce the cogging torque, the stator U- and I-cores of the three phases 
have to be shifted by 120 electrical degrees with respect to each other [6]. In such a case, the three phases 
are magnetically independent, though the PMs are axially aligned on the rotor for all three phases. 

As seen in Figure 11.3a, the PM flux paths are basically three-dimensional in the rotor but only bidi- 
mensional in the stator. However, as the flux paths are basically radial in the PMs and circumferential-radial 
in the rotor back iron, the rotor back iron may be made of mild solid steel. The bidimensional flux paths 
in the stator allow for the use of transformer laminations in the U- and I-cores. 

There is, however, substantial PM flux fringing, which crosses the airgap and closes the path between 
the stator U- and I-cores in the circumferential direction. To reduce it, both U- and I-cores should expand 
circumferentially less than a PM pole pitch T,,;: b,, b; < Tp. Also, to reduce axial PM flux fringing, the 
axial distance between the U-core legs /,,,, should be equal to or larger than the magnetic airgap (Jj, > g + 
hpy). But, 1,,, is, in fact, equal to the width of the open slot where the stator coil is placed. 

The U-core yoke h,, and the I-core h,; heights should be about equal to each other and around the 
value of 2/3 1,,,., in order to secure uniform and mild magnetic saturation in the stator iron cores. Also, 
the rotor yoke radial thickness h,, should be around half the PM pole pitch, as half of the PM flux goes 
through the rotor magnetic yoke (Figure 11.9). 

We will now approach performance through an analytical method, accounting approximately for 
magnetic saturation in the stator and iron cores. 

Each PM equivalent mmf F,,, = H.hpy (H, is the coercive field of the PM material) “is responsible” 
for one magnetic airgap hg, = g+ py This way, the equivalent magnetic circuit on no load (zero current) 
is as in Figure 11.9: 


, _ hoy +& 
tae Hy Diss , big : (oxy as b, 2 


(11.6) 
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FIGURE 11.9 The magnetic equivalent circuit for permanent magnets (PMs) in the position for maximum flux in 
the stator coil. 


where 
Roxirg is the PM and airgap magnetic reluctance 
bpy, is the PM width (bp,,/Tpy, = 0.66 to 1.0) 
b,, is the U-core width 
Rrringe 18 the magnetic reluctance of the PM fringing flux between the stator U- and I-cores through 
the airgap, corresponding to one leg of the U- and I-cores. 


To a first approximation, 


= ‘PM. yu |. ; _ 
a ee yb, (11.7) 


bo vi 
H, a H, . 7 Lack 


‘fringe 


Straight-line magnetic flux paths are considered between U- and I-cores up to the height of the I-core 
(Figure 11.8). The axial fringing may be added as a reluctance in parallel to Rging.. The stator U- and I-core 
reluctances R,,, and R,; are as follows: 


slot 


ek thy) | +1 


stack slot ( 1 1.8) 


o H,, b, ' | ack Hy, , h,, : b, 
l 4-1 
R : Pe, slot +4 stack ; b, ny b (11.9) 
: HL, hb, HL, h,,+b, 
Also, 
= tm (11.10) 
H,, ey “Tsack 


where flay Hye Hyp and pt, are the magnetic permeabilities dependent on magnetic saturation. As the PM 
equivalent mmf F. is given, once all the PM geometry and material properties are known, an iterative 
procedure is required to solve the magnetic circuit in Figure 11.9. To start with, initial values are given 
to the four permeabilities in the iron parts: 11,,,(0), H,,(0), #,;(0), and p,,(0). With these values, the flux 
in the stator and rotor core parts and ®p,,,, are computed. 
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But, the average flux densities in various core parts are straightforward, once Ppy,,, is known: 


=b -l Bo =b eh BO =h.-b.-B 
u yuo yu yu 


P rrtax yu stack a yi i yi 


(11.11) 
Pentax =B. .] ; 
2 yr yr stack 


Once the average values of flux densities B.,, B,,, B,;, and B,, are computed, and from the magnetization 
curve of the core materials, new values of permeabilities ,,(1), Myy(1), #y(1), and p,,(1) are calculated. 


The computation process is reinitiated with renewed permeabilities: 


ul) = 11,(0) + e(44,(1)— p4,(0)); = 0.2-0.3 (11.12) 


such as to speed up convergence. 

The computation is ended when the largest relative permeability error between two successive com- 
putation cycles is smaller than a given value (say, 0.01). This way, the maximum value of the PM flux 
per pole (U-core), ®,,,,,., in the coil, is obtained. 

The PM flux per pole varies from +®,,,,, to —®p,,,, when the rotor moves along a PM pole angle 
(27/2p, mechanical radians). What is difficult to find out analytically, even with a complicated magnetic 
circuit model with rotor position permeances, is the variation of ®,,, with rotor position from +®pyj,. 
to —®,,,,, and back. 

It was shown by three-dimensional (3D) finite element method (FEM) that the PM flux per pole varies 
trapezoidally with rotor position (Figure 11.10). 

We may consider, approximately, that the electrical angle 6 


, onsp aLOng Which the PM flux stays constant 
(Figure 11.10) is rather small and is as follows [3]: 


econst 


[5Saa [rad] (11.13) 


Magnetic saturation alters not only ®,,,,, but also the value of 6,.,,,,, tending to flatten the trapezoidal 


waveform and bringing it closer to a rectangular waveform of lower height. But, local magnetic saturation 
plays an even more important role when the machine is under load. 


A 
Dp (Oey) (5 a ed N= 6-onst 


pmax 


a 6., = P19, 
a 


—®Ppyfax 


FIGURE 11.10 Permanent magnet (PM) flux per stator pole vs. rotor position. 
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FIGURE 11.11 Typical force density (N/cm?) vs. rotor position and various constant current values. 


In general, the computation of the force density (in N/cm?) on the rotor surface is done via the Maxwell 
stress tensor through FEM. The magnetic saturation presence is evident when the force is calculated for 
various rotor positions for constant phase current (Figure 11.11). 

The PM flux per pole and the emf, obtained through 3D FEM, look as shown in Figure 11.12. 

The instantaneous emf per phase E is as follows (Equation 11.2 and Equation 11.3): 


49», (8.,.) 
BoM gas (11.14) 
0,=0,t (11.15) 


So, the emf per phase has a waveform in time, which emulates the waveform of d®,,,(0,,)/d0,,, The above 
derivative maximum decreases when the PM pole pitch decreases due to the increase in fringing flux, 


rN 
d®py/40,, 
107+ 
os 
= 
> 
es 0 a 
90° 180° 
-10* 


FIGURE 11.12 Typical finite element method (FEM)-extracted permanent magnet (PM) flux and its derivative vs. 
rotor position. 
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when the number of poles increases. Consequently, there should be an optimum number of PM poles 
for a given rotor diameter that produces maximum emf for given W,, stack length, and mechanical gap g. 

If the phase emf is considered through its fundamental, the average torque per phase, when the emf 
and current are phase shifted by angle y,, is as follows: 


2 
Eo, 608Y, Wi P Porta 4, 68%, 


T. = 11.16 

(Tagg = ‘E (11.16) 
where I, is the root mean squared (RMS) phase current, and 

P oy (8) = Dontax  COS(P 4, ) (11.17) 


11.2.1 The Phase Inductance L, 


The phase inductance L, is composed from the leakage inductance L, and the main path inductance L,,. 
As the magnetic circuits of the three phases are separated, there is no coupling inductance between phases. 
L, refers to one phase only. The airgap inductance L,,, is, approximately, 


Ww. W?. Oto | 
L =H,° 1 = U- 1 p 2. stack (11.18) 
m FOR 4-(g+Ny,) +k)-(1+k,) 


mag 


where k, is an equivalent magnetic saturation coefficient that considers the contribution of the iron parts 
to the total mmf along a flux path. k; is a fringing coefficient that takes care of the fringing flux in the 
airgap: k, < 0.2 in general. 

In a similar manner, we may treat the maximum flux per pole: 


b, +b 1 
re 11.19 
Dire gi 2 stack (1+ k + k singe) | | 
Kjringe 1S the PM fringing flux coefficient (very different from k;,) that can go as high as two (kginge = 0.7 


to 2), while k, is the magnetic saturation coefficient. In general, k, has to be calculated when current is 
present in stator phases. The leakage inductance may be calculated approximately from slot leakage flux, 
extended between U-cores, because I-cores “create” a moderate “slot leakage effect”: 


h 
Ly~ Hy Ws -p-b -(+k,) (11.20) 


slot 


k, accounts for the leakage inductance between the U-cores. In general, k; < 0.2 to 0.3. 

As the total iron area, as seen along the airgap, by the stator coil, is independent of the number of 
poles, both L,, and L, are independent of the number of poles 2p,. At the same time, the emf E and the 
torque (T,)aphase Per phase are proportional to the number of poles if the increasing fringing (kjing-) with 
the number of poles is not considered. 


11.2.2 Phase Resistance and Slot Area 


The phase resistance R, is straightforward: 


m(D_+2-h,+h.)-W? 
R= 2 (11.21) 


s Wel 
(om cers 
copper — jcgy 


The ampereturns per phase (RMS value), W,I,, may be calculated from Equation 11.16 once the torque 
per phase requirement is given. 
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The rated (continuous) current density j,,, depends on the machine duty cycle, type of cooling, and 
design optimization criterion (maximum efficiency or minimum machine cost, etc.). In general, j,,,, = 4 
to 12 A/mm’. The window area in the slot A,,, is as follows: 


slot 


Wet 


11.22 
ae : Ky 


The total slot filling factor k,y is, in general, kj = 0.4 to 0.6. The larger values correspond to the preformed 
coils eventually made of rectangular cross-sectional conductors. 


Example 11.1 


Consider sizing a three-phase TFM generator with surface PM interior rotor and single-sided stator 
(with U- and I-cores) that has the following specifications: T,,, = 200 kNm and n, = 30 rpm. 


Solution 


While part of the design formulas are included in the previous paragraphs, some new ones are 
introduced here. They are mainly related to the stator bore diameter D,, with given I,,,.,/D,, ratio (A 
= I,,,4/D;, = 0.05 to 0.1). 


stacl 


We make use of the force density f, = 2 to 8 N/cm? to determine the interior stator diameter D,,: 


D Fp a Pk. pg D, 3-2-1 (11.23) 
| ‘ = -f -7-D. -3-2: ; 
is 3-n-A- ff e 2 t is stack 


In our case, with A = 0.05, f, = 2.66 N/cm?: 


D.= { coal =2.525m (11.24) 
: 3-2-0.05-2.66-10* 


The stack length is as follows: 


lack = AD;, = 0.05-2.515 = 0.1257 m (11.25) 


stack 


We now have to choose the airgap g, first. 


For such a large diameter, an airgap of 1.5 to 5 mm is required for mechanical rigidity reasons. Let 
us consider g= 4-10~° m. The ideal airgap flux density B,; produced by the PM magnets in the airgap 
is as follows: 


h 
B.=B -—™_ (11.26) 
gl r hoy +8 


with B, = 1.3 Ty Lyem = 1.04 Hyon, at 100°C (very good NeFeB magnets: B,, = 1.37 T at 20°C). 


We need to choose a large PM height h,,,, because the actual airgap flux density will be notably 
reduced by the fringing (Kping ~ 2). SO; Mpy =g=3+4-10°= 12-10% =1.2- 10 m. Consequently, 
from Equation 11.26, 


_ 13-12 


=0.975T (11.27) 
#1244 


Now the maximum flux per pole may be calculated if we adopt the number of poles 2p,. 
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In general, the PM pole pitch t,,, should be higher than the total (magnetic) airgap: g + hpy = 
1.6 - 10 m. The number of poles 2p, is, thus, 


_m-D, 71-2515 


Ta; 0.02 


2:p = 394.8 (11.28) 


Let us consider 2p = 400 poles and T,,, = 1.974 - 10° m. The fundamental frequency at 30 rpm is 
f, = Py * 1, = 200 - 30 / 60 = 100 Hz, which is a reasonable value in terms of core losses. Now, 
the maximum PM flux per pole from Equation 11.19, with kjringe = 2.335 k, = 0.15 Dpy/ Tey = 0.855 
b,,/Tpy, = 0.8 is as follows: 


") =B 7 Boxy +b, y , 1 
PMax ~~ gi stack 
2 (+k... .)-+k) 


fringe 
-. 0.2515 1 
2 (1+2.33)-(1+0.1) 


(11.29) 


= 0.975 -1.628 -10 = 0.5986 -10°° Wb 


We now turn directly to the torque expression to find the ampere turns per phase W,J, (RMS value) 
from Equation 11.16, with y, = 0 (emf and current in phase): 


Wo Ty, V2 200-10? -J2 
"1 3-p Oa. 32007 -0.5986- 10° 


= 3885 Aturns (11.30) 


This is a reasonable value. 


The slot area required for the coil for j= 6 A/mm’ and ky = 0.6, from Equation 11.22, is as follows: 


W,-I, _ 3885 


ee —— = 1079.16 mm? (11.31) 
‘S101 -k z 
Jeon fill 
Taking 
Lior = 2(¢ + py) = 32 mm (11.32) 
the slot height h, is 
A 
p= Tit = SP = 33.72 mm (11.33) 


slot 


The fact that h,/1,,,= 1 will lead to a smaller leakage inductance, which is favorable for a good power 
factor. 


Consider h,; = hy, = 2/3 + lack = 0.083 m. Then, from Equation 11.21, the stator phase resistance R, is 


= 2.3-10°° -m-(2.515+ 2-0.083+ 0.03372) w 


R TS 7 = 0.3026-10°°- W, (11.34) 
610° 
The total winding losses for the machine, P.,,, are as follows: 
P=3-R,- I) =3-0.3206-10* -3885° = 13.70 kW (11.35) 
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The electromagnetic power, P.j,5 is 


elm? 


P =T,-2:70-n, = 200-10"-2-m- = = 628 kW (11.36) 


elm 
The winding losses are about 2% of input power. 
Now we need to calculate the synchronous inductance L, = L,, + Ly. From Equation 11.19, 


Hy Weep md 


= 2 stack 


tn A-(g-+hy,)-(+k,)-(1+k,) 


(11.37) 
1256-10 200-162-107 -" —1.391-10% wae 
~~ 416-107 -(140.1)-(1+0.1) | ? 
Also, from Equation 11.20, L,,, the leakage inductance is as follows: 
2 h, 
L, =H, W, 3.1 (+k): p, -6, 
slot (1 1.38) 
0.03372 
=1.256-10°- a -(1+0.3)-200-0.016-W,* =1.834-10° -W? 
30.032 
So, 
1.321-10° 
iyg=L +L, = [122210 sa} = 0.844-10° -W? (11.39) 
The emf E (rms value) is as follows: 
T,-2-%-n 628-10° —_209.3-10° 
— en me mee (11.40) 
3-I, cosy 3-1, I, 
The ideal power factor angle @, (for y= 0) is 
o,-L.-I 2-1-100-0.844-10~ 
9, a§yt a : WP 
i 208.33 -10° (11.41) 


= tan '(2.544-10* -3885”) = tan” 0.384 = 21°; cos@,, = 0.933 


The very good value of the power factor angle for E and J in phase is a clear indication of machine 
volume reduction reserve (the specific tangential force is only 2.66 N/cm”). 
The data of the preliminary design are given in Table 11.1. 


11.3 TFM — the d-q Model and Steady State 


Let us consider here that TFM is provided with a surface PM rotor, and thus, the synchronous inductance 
L, is independent of rotor position. We adopt this configuration, as the power factor may be higher due 
to smaller inductance L,, even though at slightly smaller torque density than for the PM flux concentration 
configurations. Though the emf waveform is not quite sinusoidal, we consider it here as sinusoidal. 
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TABLE 11.1 Example Design Summary 


Electromagnetic torque T, = 200 kNm 

Speed n, = 30 rpm 

Force density f, = 2.66 N/cm? 

Current density Jeon = 9 A/mm? 

Stator interior diameter D,,= 2.515 m 

Stator stack U-core leg lack = 0.1257 m 
Mechanical gap g=410%m 

Permanent magnet radial thickness hpy = 12-103 m 

Number of permanent magnet poles 2:p = 400 

Fundamental frequency f, = 100 Hz 

Permanent magnet pole pitch Tp = 1.974-107 m 

Axial room between U-core legs lige = 32°10 m 

U-core width b,,/ Ty = 0.8 

Permanent magnet width per pole bp! Ty = 0.85 

U-core yoke height Ayu = 213 lack 

I-core yoke height hy: = Nyy 

Slot useful height h, = 33.72:103 m 

Total U-core interior height h, + hy; 

External stator diameter D,,= 2.621 m 

Total axial length per phase loot + 2lorack = 0-032 + 0.2515 m = 0.2835 m 
Total axial length for three phases Lociat = 3° tor + 2letack) = 0-85 m 
Reduction of permanent magnet flux due to fringing = 1/(1 + King) = 1/3 

Stator resistance per phase R, = 0.454-103-W,? 
Stator inductance per phase L, = 0.844-10°3-W/? 

Emf at f, = 100 Hz E=53.61-W, (rms) 
Stator copper losses Pijn = 20.55 kW 
Electromagnetic power T,2-70-n,, = 628 kW 
Power factor angle = 21°; cos @,, = 0.933 
(with E and I in phase) 


The d—q model is thus straightforward, if the core losses are neglected for the time being: 


_ = dy 
I,-R+V;=-—+-j-o-w 
s dt J r Yy, 


VoHWat TV Va = Vem TL, HLL, (11.42) 


Is H1,t+j-13Vs a ae Vou = Dovtax ie “P 
where 

W, is the turns per coil (phase) 

P, is the pole pairs: 


3 3 
T, =o fi HEE = eS Pi Won a 


For steady state = 0, and the vector diagram for generating is as shown in Figure 11.13a and 
Figure 11.13b for pure J, control (J; = 0) and for unity power factor (with diode rectifier). Pure J, 
control for L, = constant corresponds to maximum torque per current, but the machine requires 
reactive power for magnetization. A controlled front rectifier is required. 

The performance is acceptable, but the force density is not large enough. 

For the diode rectifier, the current always contains an I; component (Figure 11.13b), and thus, the 
torque is produced with more losses. However, the reactive power required is zero, and the diode rectifier 
is less expensive. If constant direct current (DC) link voltage operation at variable speed is required, 
either an active front or PWM converter is provided on the machine side or a diode rectifier plus a 
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FIGURE 11.13 The transverse flux machine (TFM) vector diagram for steady state: (a) pure I, control and (b) with 
power factor control (with diode rectifier). 


DC-DC boost converter is required. The core losses might be considered, mainly for steady state, as 
follows: 


Pirin : (11.43) 


In Equation 11.43, the core losses are considered to be produced by the resultant flux in the machine, 
in the presence of stator current. The core losses p,,,,, might be determined from tests that segregate the 
iron losses, or they may be calculated from analytical or FEM models, as shown in Chapter 10. 

The efficiency may be defined as follows: 


P, i 
n= é (11.44) 
Pa ote Prnec + Piron + P copper + Protor + Pa 


The rotor losses p,,,,. refer to the eddy current losses in the PMs, which may be neglected only for 
f, < 100 Hz, in general. The strayload losses are included in p;,,, ANd Propper but the eddy current losses in 
the aluminum carriers of the U- and I-cores are individualized as p,, and may be calculated only through 
3D FEM eddy current models [7]. 


When the fundamental frequency goes up, above 100 HZ, Piro, ANA Pjojo, become important and have 
to be dealt with using great care (see Chapter 10 for more details). 


Example 11.2 


Consider the TFM design in Example 11.1, and calculate the number of turns per phase for a line 
voltage V,,, = 584 V (RMS) — star connection — at rated speed for E, I in phase, and for the same 
number of turns W, and unity power factor, and calculate the performance for the same current as above. 


Solution 


We simply make use of the vector diagram (Figure 11.13a), where Wpy, is 


_ E(rms)-J2_ 53.61-W, V2 
o 2-1-100 


fa 


= 0.1203-W, 


PM 


(11.45) 


vy _ Minka) V2 _ 584-2 
* V3 V3 


= 476V 
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From Figure 11.13a, 
E, = E(rms)-V2 = V,-cos@, +R, I, (11.46) 
or 
75.59-W, = 476-0.933+ 0.45410? -W?-I, -/2 (11.47) 


With W,I, = 3885 Aturns/coil, we obtain W, = 6 turns/coil. As the core and mechanical losses have 
not been considered, the efficiency will reflect only the presence of the already calculated copper losses: 


Tae z 28-13.70 614.3kW 
n= ein Pon 2 8 A _ SSM 30.978 (11.48) 
lelm lelm 628 628 kw 
Alternatively, 
3-V_-I -cos 
ee i OP (11.49) 
Fan 
with 
W,-I, 3885 
f= = 6475 A (11.50) 
WwW, 6 
-584-647-0.933 60 
n ze . 5 go) OY p67 (11.51) 
628-10 628 


The difference in efficiency from the two formulas above is only due to calculation errors, as the 
model is the same. 


Now, for the second case, we have to notice that if we consider the same phase current (RMS) I, 
and voltage V_,, the vector diagram in Figure 11.13b provides the following: 


(V.+R,-L)+@)-L.- =E? (11.52) 


with W, = 6 turns, I, = 647.5 A, we can calculate, from Equation 11.52, the terminal voltage: 


Vis YEP ay LoL) RL, 


11.5 
= (75.59-6)? —(2-7-100-1.5044-10°)? -6* 647.5" ee) 
—0.3026-10 -W? «I, -/2 = 396.48—9.945 = 386.63 V 
pe 3 
Vr= = 386.63: ,/— = 473.40 V <584V (11.54) 
J2 2 
The line terminal voltage for the same current decreased notably for unity power factor. 
Now, the output power is only 
(P’) = J3 -473.40-647.5 = 530.29 kW (11.55) 


2% cosQ,=1 


© 2006 by Taylor & Francis Group, LLC 


11-18 Variable Speed Generators 


So, for the same number of turns W, = 6 and the same conductor cross-section and current and speed, 
with a diode rectifier, the generator will produce 20% less power. The additional reactive power provided 
through the active front PWM converter, when E and J are in phase, allows for delivering power in better 
conditions (higher voltage and power). 


Note on the Control of TFM 
Once a three-phase machine is considered, the control may be implemented with sinusoidal current (for 
almost sinusoidal emf) or with trapezoidal current (for trapezoidal emf), with third harmonic tapping, 
if a diode rectifier is used. The control system, with or without motion sensors, is practically the same 
as that for standard PMSGs, as detailed in Chapter 10. This is why we do not elaborate here on TFM 
control. 

The methods used to reduce the cogging torque are similar to those for standard PMSGs. 
It is to be seen if the TFM will make it to the markets soon, at least as a low-speed high-torque direct- 
driven generator. 


11.4 The Three-Phase Flux Reversal Permanent Magnet 
Generator: Magnetic and Electric Circuit Design 


As mentioned in the section on TFMs;, the large PM flux fringing and, consequently, the low power factor 
are the main obstacles in the way for producing very good performance, even at very low speeds. The 
FRMs face similar problems, but they are easier to manufacture [8-11]. 

We already introduced the PM flux concentration schemes for FRM with stator (Figure 11.6) and rotor 
PMs (Figure 11.7). We will, however, treat in detail here only the surface stator PM configuration, as it is 
similar to the TFM investigated in the previous paragraph and is characterized by a smaller inductance (in 
P.U.), though PM flux fringing is large. We will first present a conceptual design and complete FEM 
investigations of a 200 Nm, 128 rpm (60 Hz) FRM. Then, through a numerical example, a FRM preliminary 
design methodology is presented for 200 kNm, 30 rpm, 100 Hz system, as in Example 11.1 and Example 11.2. 
We will refer to very low speeds, as we feel that for speeds above 500 to 600 rpm, PMSGs with distributed 
or fractional (with tooth-wound coils) windings are already well established (Figure 11.14). 

The low-speed operation at a frequency of 50 to 60 Hz (to secure moderate core loss but still make good 
use of iron) implies a large number of “poles” or “pole pairs” or “periods” of the flux reversal along the 
machine periphery. In the FRM with N, rotor salient poles, the speed n and frequency f, are related by the 
following: 


f=nNn (11.56) 


r 


The two-pole pitch angle corresponds to two PM poles of alternate polarities on the stator, that is, 


2-7, =2:7 =—— (11.57) 


where D, is the rotor diameter. A stator pole may accommodate 2 - n, PMs. The electrical angle of the 
space between two neighboring stator pole coils should be 120 electrical degrees or 120°/N, geometrical 
degrees or 2 - Tp,,/3. Thus, 


2 
N [2m yy 4 me), 42:9) 2-, N (11.58) 
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FIGURE 11.14 Surface permanent magnet (PM) flux reversal machine (FRM) geometry details (N, = 12, n, = 2, 
N, = 28). 


where N, is the number of stator poles, and g is the mechanical airgap. Eliminating T,,, from Equation 
11.58 yields the following: 


w,{n +t)-n, (11.59) 


The typical configuration for N, = 12 is shown in Figure 11.4 and Figure 11.15. The PMs on the stator 
pole shoes are very close to the airgap. We may say it has pole PMs. 
The FRM for low-speed drives has the following distinct features: 


It uses conventional stamped laminations both on the stator and on the rotor. 

It has no PMs or windings on the rotor. 

It has PMs on the stator, where their temperature can be easily monitored and controlled. 

The stator has concentrated coils that are easy to manufacture. 

The lowest pole pitch T,,, is to be larger than (PM + airgap) thickness [8-11] to limit flux fringing 
in PM utilization, as is the case with the transverse PM flux machine that has the PMs placed on 
the rotor. 

The higher the rotor diameter (or torque), the larger the maximum number of pole pairs (2 - Tp), 
and thus, the lower the speed at 50 (60) Hz. 

The pole PM FRM has lower inductances than the inset PM FRM (Figure 11.15), as expected. 
Also, the cogging torque of the latter is intrinsically smaller. 

For the inset PM FRM, the airgap should be as small as mechanically feasible, and the PM thickness 
hpy > 6 + g. Also, the stator and rotor teeth should be equal, while the rotor interpole will span 
the rest of the double-pitch Tp): 


Tog = Bn t+ Hons 2° Tong = P.n +03 By = By (11.60) 


pu 2 
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FIGURE 11.15 Low-speed flux reversal machine (FRM) with inset permanent magnets (PMs) on stator. 


Moreover, b,,/hpy > 2/3 provides enough saliency. Thus, the inset PM FRM with an airgap of 0.2 mm, 
hpy = 1.5 mm, would allow for b,,,,;, = 5 mm or a pole pitch T,,, = 5 + 1.5 = 6.5 mm, which is 
65% of the one considered for the pole PM configuration. Further reductions of the airgap and 
magnet thickness may lead to even smaller pole pitches. Thus, at 60 Hz, the speed is accordingly 
reduced to a value depending on the rotor diameter. 

The inset PM FRM has the PMs parallel to the stator magnet flux lines and is much more difficult 
to demagnetize. As a bonus, the flux in the magnets varies less (especially under load). Thus, the 
eddy currents induced with PMs are notably smaller than those for the pole PM configuration, 
that has PMs that directly experience the stator current additional field. 

The much lower total (magnetic) airgap of the inset PM FRM leads to much larger inductance, 
which is limited by heavy saturation of the core for high currents (overload). Therefore, the stator 
current limits are mainly governed by stator temperature and magnetic oversaturation in the inset 
PM configuration, and stator temperature and PM demagnetization limit the currents for the pole 
PM FRM. 


11.4.1 Preliminary Geometry for 200 Nm at 128 rpm 
via Conceptual Design 


Consider the pole PM configuration only, with N, = 28 rotor poles, N, = 12 stator poles, with 2n, = 4 PMs 
per stator pole. The designated primary frequency is f, = 60 Hz. It corresponds to the rated speed n,, = 
(f,/N,) + 60 = 128.5 rpm. We start the preliminary design from the specific tangential force f, to calculate 
the torque T;: 


D 
T,=f,-@-D.-1 3 f,, =15-4Nilaom* (11.61) 


e t r — stack 2 


where D, is the rotor diameter, and / 


sack 1S the stack length. A stack-length-to-rotor-diameter D, ratio A 
is defined as follows: 


I 
A= tt =0.2-15 (11.62) 


r 
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The lower values of A are justified for a large number of stator poles. With N,= 12, A = 1.055, T, = 200 Nm, 
and f,,, = 2 N/cm? (continuous duty), from Equation 11.62, we obtain 


2:7, 2-20 
D=3 m= | = = 0.182 m (11.63) 
7 Aafia 7 -2.0-10° «1.055 


We may choose D, = 0.180 m to obtain |... = 1.055 - 0.18 = 0.19 m. The PM flux per stator pole ®,,, is 
as follows: 


Le Bong Tony 0 
Pon = stacl PMi ~PM pp (11.64) 
1+k fringe 
Bpyy is the ideal flux density in the airgap as given by 
h 
— Pp .___PM 
pai = B, hn, +8 (11.65) 


where hp, = 2.5 mm, and g= 0.5 mm. At 75°C, B,= 1.21 T, H,=651 - 10° A/m for neodymium-iron—boron 
(NdFeB) PMs. kjing is a flux fringing coefficient to be determined by FEM. We choose here an initial safe 


fringe 
value king = 2.33. The flux is to vary almost sinusoidally with the rotor position @,: 


$ ,(0.) =, -sin(N, 8.) (11.66) 


Therefore, the PM flux per stator pole derivative with 6, is 


A oy4 (6.) _ | ack Bovi : Tou ‘th, , ‘N, -cos(N, ce) 
dé I+k 


fringe 


(11.67) 


There are N,/3 stator poles per phase and, with all coils per phase in series, according to Equation 
11.59, the emf amplitude per phase E,, is 


E N 2-day 
— EI nN . 
Mee Be 1+k 


fringe 


TDi, Boni 


(11.68) 


where n, is the number of turns per coil. For a given sinusoidal current I (RMS), in phase with the emf 
64 , current control), the torque T, is, again, 


(11.69) 


2, 2-mn_2 1 1 
© 3 °° & 3 4-0.19-2 0.18-0.3-1.21 (11.70) 
= 0.855 - 10° Aturns/coil. 


For E,,, we used Equation 11.68. 
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Choosing a rated current density j,, = 3.5 A/mm’ and a slot fill factor kg = 0.4, and noticing that there 
are two coils per slot, the slot area A,,, is as follows: 


slot 


2-n-I  /2-0.855-10° 
‘slots = 
"jog Key = 3.5-10° 0.4 


=0.863-10°m (11.71) 


The slot detailed geometry may now be calculated if the stator pole (tooth) width is first found. As 
the current loading in such low-speed machines tends to be large, and the coupling between the PM and 
the coils is not so strong, an analytical dimensioning of its magnetic core is hardly practical, although 
apparently standard methods could be used. The rather low rated current density is a safety precaution 
for the torque capability (above 200 Nm) exploration by FEM. 


11.4.2 FEM Analysis of Pole-PM FRM at No Load 


The geometry with PM height h,,, = 2.5 mm and airgap g = 0.5 mm was, in fact, obtained after many 
FEM calculations with thinner and thicker PMs and eventually larger airgaps. The maximum PM flux, 
calculated in the middle of the coil, was found for hp,, = 2.5 mm and g= 0.5 mm (PM pitch is equal to 
10 mm). The PM flux per stator pole with straight rotor poles is given in Figure 11.16. It should be noted 
that the waveforms are symmetric and almost sinusoidal [4]. 

However, the cogging torque, although not large (less than 10% rated torque), for general purposes, may 
be further reduced. Skewing the rotor by various angles leads to cogging torque reduction (Figure 11.17a). 
For 1.8° mechanical skewing, the best result is obtained (Figure 11.17b). 

A 7% loss in the maximum PM flux per phase is encountered with 1.80 mechanical degrees of skewing 
(Figure 11.17c). We consider this to be acceptable, as the cogging torque was reduced below 1.5%, which 
qualifies FRM for high performance. The skewing has the additional effect of shifting the phase PM flux 
(as expected). This effect is important when designing the control system. 

After filtering the phase PM fluxes obtained from FEM, their derivation with rotor position was 
performed. As demonstrated in Figure 11.18a and Figure 11.18b, there are serious grounds to use vector 
(sinusoidal) control, as the emfs are proportional to d®/d@, and they are almost sinusoidal. 


x10-3 
15 T T T 
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—— PM flux per pole in phase B 
:| 77 PM flux per pole in phase C |] 


0.5 


PM flux per pole (Wb) 
° 


-1.5 | i 1 1 1 1 
0 2 4 6 8 10 12 14 


Rotor position (mech. deg.) 


FIGURE 11.16 Permanent magnet (PM) flux per pole vs. rotor position. 
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FIGURE 11.17 Cogging torque for different skewing angles: (a) cogging torque vs. position, (b) cogging torque vs. 


skewing angle, and (c) peak permanent magnet (PM) flux in a phase coil vs. skewing angle. 
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FIGURE 11.18 Waveforms of d®,,,/d@, per pole in phases A, B, and C: (a) fundamental and third harmonic and 
(b) vector diagram with pure I, control. 


11.4.3 FEM Analysis at Steady State on Load 


We may simulate steady-state load conditions by FEM if we let sinusoidal currents flow in the three 
phases. Therefore, in fact, by gearing the currents to rotor position such that the current in phase A is 
maximum when the PM flux in phase A is zero, we produce pure q axis control. Figure 11.19a shows 
the phase currents vs. position. They are “in phase” with the flux derivatives (Figure 11.18a). 

For various rotor positions, the flux per pole of phases A, B, and C with all currents present with 
instantaneous values, which are position dependent, FEM flux distribution was calculated. The flux per 
pole derivatives with 0, for the three phases are determined and shown in Figure 11.19b. It should be 
noted that, as expected, the on-load total flux derivatives are not in phase with the currents, as they, in 
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FIGURE 11.19 (a) Phase currents and (b) total flux derivatives with respect to rotor position 6,. 


fact, represent the total derivatives, and because current varies, also. That is to say, the total E(A, B, C) 
under steady state is proportional to d®, » -/d@:: 


E’,5¢(8,)=— 


A,B,C 


—. . -n.-2-7-n V (rms) (11.72) 


Taking the maximum value of E,'(0,) and dividing it by V2,we may add the voltage phasor RI, (Figure 11.17c) 
and get the phase voltage V,: 


V, = EY Oanc+R -cosy) +R,-P-sin?y (11.73) 
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FIGURE 11.20 Curves representing current-related torque vs. position for various coil peak magnetomotive force 
(mmf) (sinusoidal currents in all phases): (a) and (b) average and pulsation torque vs. mmf, (c) average torque/pole 
mmf, and (d) cogging torque vs. position. 
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FIGURE 11.20 (Continued). 


The only component missing is the end-connection leakage inductance component L,,,;. This inductance 
produces an additional voltage drop @,- L,,,7: I(@,=2-2-n-N,=2- m-f,, Figure 11.17b). This way, the 
steady-state characteristics may be calculated for various current levels in the machine. The flux per pole in 
phase A for a coil peak mmf of 1500, 2500, 3500, and 5000 Aturns demonstrates the effect of saturation on 
performance. This is more evident in instantaneous torque T,(t): 


40.10.) | 
a a i(0.) (11.74) 


N, [ do). 
nN . ——— — 1 


” dg,,(8.,) 
3° | do 


T(t)= 
off) a) 


6 -i,(0 


The results are shown in Figure 11.20a through Figure 11.20d. A few remarks are in order. 


+ Tangential force densities up to 7.108 N/cm? are practical, but at a low power factor (less than 0.3 
in our case). 

+ The current-related torque pulsations increase with current due to saturation and the presence of 
small reluctance torque (Figure 11.20a). 

+ The torque/pole ampere turns (Figure 11.20c) decreases with current, especially for mmfs above 
3500 ampere turns/pole. 

+ Even for 5000 ampere turns/pole, the PMs are not demagnetized (Figure 11.21). 

+ The current-related torque pulsations are 3% of the average torque at 3500 ampere turns/pole. 

If the cogging torque peak value is considered, the total torque pulsation/amplitude is 3.01% at 

3500 ampere turns. This is not a large value and may be further reduced by introducing a small 

harmonic in the current reference waveform to compensate for it. 


As the PM height h,,, = 2.5 mm, and the airgap g = 0.5 mm, the question arises if, for 5000 ampere 
turns, the PMs do not get demagnetized. Through FEM, the flux density distributions in the PM (half 
North Pole and half South Pole) lower and upper borders were calculated (Figure 11.21). The PMs do 
not get demagnetized mainly because of the large fringing effects in a large magnetic gap structure. In 
other words, the not so good coupling between the PMs and the stator coils allows for a high current 
loading. 
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FIGURE 11.21 Flux density on the permanent magnet (PM) upper and lower border vs. position for 5000 A turns/ 
pole and 0,=0. 


While the torque (tangential force) density is important, so is the ratio between stator losses and torque 
(W/Nm). For our case, and rated current (j,,,, = 3.5 A/mm/?), the coil loss is as follows: 


Lit * icon N. 
Po = 3-R, Ti; = 3- Pig ae Sig? PP =3-ky-m Be 
te: es (11.75) 
ae rd 
D 
and 
Dag ~ 2° Cage + 2°My Tpyy) = 2° (0.19 + 2-2-0.1) = 0.46 m (11.76) 


The total torque T.,, is considered to be 200 Nm, and, thus, the ratio P.,;/T.,, = 244.95/200 = 1.225 W/Nm. 
This is a very good result, but the force density is moderate: 


2-T 2-20 
f.= t= 5 = = 2.110 Nim? = 2.1 Nicm? (11.77) 
" 7-D?-1 7-0.1797 -0.189 


r “stack 


This situation corresponds to a pole peak value of mmf of 885 ampere turns. For 5000 ampere turns/ 
pole, the torque is 677 Nm (7.1085 N/cm?), so the torque increases by 3.385 times, but the losses increase 
(5000/855)? = 34.2 times. Also, the current density for peak torque is 16.95 A/mm7’. Such a current density 
may be sustained for continuous operation only with liquid stator cooling. 

For the peak torque, the efficiency with core and PM eddy current losses neglected, as they are relatively 
small, is as follows: 


128 


T, 2 6772-1. 
1... = me = 0.52 (11.78) 
Ty Q4+ Py 677-2- 1-2 + 244.95 - 23.47 
For rated conditions, however, 
T -Q 200-2-7- 28 
1, eH at =0.91 (11.79) 


© T,,Q+ Poy 200-2-70- 8+ 244.95 


coil 
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The ideal power factor angle @, is (for n.I ./2 = 855 Aturns, from Equation 11.5), 


OL, TN2 


g, = tan = tan” 2.2=65° 
peak 


or cos@, = 0.41. Considering the low speed of 128 rpm, the efficiencies are reasonable. Note that the 0.52 
efficiency at very heavy current load implies a large voltage drop along stator resistance, to be considered 
when calculating the number of turns/coil (,) for a given inverter voltage value. The power factor is 
already low, as in general, the magnetic airgap is small, and L,J, is still large. 


11.4.4 FEM Computation of Inductances 


As already mentioned, the inductance needed for the circuit model is the transient inductance: 


Ad Ag , 
La | ss =| SE} 6 sin si, = const. (11.80) 


A 


Therefore, only the current amplitude in phase A was modified by a relatively small value, while the 
values of currents in the other phases remain unchanged. When the rotor position is varied, the instan- 
taneous values of the currents in all phases vary accordingly. The self-inductance and mutual transient 
inductance, L,,, and L,,,, respectively, are shown in Figure 11.22a and Figure 11.22b for two-phase current 
amplitudes (corresponding to 2500 and 2600 peak mmf/pole). Two remarks are appropriate [4]: 


* The variation of transient inductance with 6, may be neglected. 
* The mutual transient inductance is almost ten times smaller than the self-inductance. 


Repeating the FEM computation for a low value of current in the machine, the average self-inductance 
and mutual inductance are shown to vary notably with current due to magnetic saturation (Figure 11.23). 
To check the necessity of considering all currents present when calculating the transient inductances, the 
computation has also been done with current in phase A only. Figure 11.23 shows clearly that a correct 
estimation of transient inductance requires all phases to be energized. The same is true when calculating 
the torque from emfs and currents. 

For the circuit model, we may use either the phase coordinate or the d—q model. Let us first define 
the phase coordinate model: 


: , : di, 5c 

bapa R— Via no = Ene (OstJ- LG) dt (11.81) 
d 0 i N 

Exac= Pane’ 22 son tan (11.82) 


s 


11.4.5 Inductances and the Circuit Model of FRM 
First, the synchronous inductance is 

LGJ=L,,, t+ Lys, )- Ly, (i,)] (11.83) 
(11.84) 


1 = 
Ss 


Qe, : ; : i ng 
= [i+ i,(t)- ef") 44 ()-e HM |e INS 
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FIGURE 11.22 Self-inductance and mutual inductance with all currents in phases A, B, and C considered: (a) self- 
inductance and (b) mutual inductance. 


We use here the current space vector absolute value to account for saturation with the A, B, C model. 
Also, analytical approximations in total emf and inductance dependence on @, and i, are required: 


do(i_,é.) 

COD (aya, 1,4, 12 L2) [COS(N, Bc), C09(3°N, By] (11.85) 
where 

2-1 
Pago = 9, +7 lh 1)— (kD) k= 1,2,3 
and 
¥/(n.-1,)=Y_,+¢,-0, L406, 0-2 
(11.86) 


L 6.) =[ Liyg +B, —B, a Pn 


t 
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FIGURE 11.23 Average transient inductance dependence on current. 


The torque equation T, is as follows: 


: : : 1 
TS ts Phe ae (11.87) 
The motion equations complete the model: 
d do 
J2n- = ten (11.88) 


11.4.6 The d-q Model of FRM 


The study of transients may be performed in A, B, C coordinates, but for control purposes, the d-q model is 
required. To simplify the d—q model, we will neglect the third harmonic in the emfs, as it is below 5%. When 
implementing the control for very low torque pulsation, the current i, may be supplied an additional compo- 
nent to cancel the already small torque pulsations. The d-q model, in stator coordinates, is simply, 


& 6: ee AY — dy di; 
i -R-V,=-—=-j-o-w,; $=]. 11.89 
i pO, 3 aL (11.89) 


(11.90) 


i= ‘Hi, (11.91) 
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o,-W,(i,) E,(@,.i,) 
. “|= P@)-| E,(8,i,) (11.92) 
o.-y (7.) r r s 
f E.(6.,i,) 
Wali.) =L,(i,)-ta + Wom 
: ae (11.93) 
y,(,)=L,(4,) ty 
= N 7 11.94 
eo 3 TW, 1 Wty) ( . ) 
dn de 
2 —=T -T; —=2-0-n- ll. 
J:2-% ee oe Tn: p (11.95) 


Notice that L, is the average normal steady-state inductance. L, and the transient inductance L, both 
depend on i, due to saturation (Figure 11.23): 


Vi=2-(V,()+V, (8-208) + V_(0)-e8#) (11.96) 


wl ry 


As expected, with sinusoidal E(6,), the d-q model will not exhibit 6, other than in the Park transformation. 
The magnetic saturation is considered according to Equation 11.83 through Equation 11.86. 


Example 11.3 


Consider the preliminary design of a FRM as generator for a torque T.,, = 200 kNm at a speed 
n,, = 30 rpm for a frequency f, = 100 Hz. 


Solution 


Making use of Equation 11.63, with f,,, = 2.66 N/cm? with A = 0.3, we obtain directly the interior 


diameter, D,,: 
2-T, 2-200-10° 
p=. én -| . = 2.5158 m 
" Na-f,,:A  \2-2.66-10" -0.3 


The stack length J,,.4.= 2+ D;, = 0.3 - 2.5158 = 0.7545 m. This is the same as in Example 11.1 for 
the three-phase TFM. 


For 100 Hz, the number of rotor salient poles N, is as follows (Equation 11.56): 


We are choosing the same PM material, NdFeB, with B, = 1.3 T and ,,,, = 1.05 at 100°C. 


The number of stator large poles (coils) N, and the number of PM poles n,, per stator large pole 
are as follows: 
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and thus, with N, = 6 - k and n,, = 4, we obtain N, = 48 for N, = 208. Consequently, the PM pole 
width T,,, is as follows: 


m-D;,  m+2.515 


= = = 0.01898 m 
mM 2:N, 2-208 


and the frequency f, = 1,,* N, = 30/60 - 208 = 104 Hz. 
As the configuration is more rugged (it resembles the SRM topology), we may adopt a slightly 
smaller airgap of g= 3 mm. 


We then assign the PM radial height hp,, a value, which is about three times the airgap hpy = 3 - g= 
9 mm, to provide for high enough ideal maximum PM flux density in the airgap: 


h 
B .—*4 _=133. 70.975 
hoy + & 9+3 


B pmaxi ~ 


The actual maximum PM flux density in the airgap B,»,,, is as follows: 


1 
B =B a 11.97 
gPMax gPMaxi (l+k )-(+k,) ( ) 


fringe 


with the fringing coefficient k; 


fringe 


= 2.33 and the magnetic core contribution k,= 0.1, B,pyj,, becomes 


l 
B pvr = 0.975" = 0.266 T 
ges (1+ 2.33)-(1+0.1) 


Note that this is about the same as for TFM in Example 11.1. 

This seems a small value, but at this small pole pitch, it may be justified, given the large gap imposed 
by the large rotor diameter. 

The peak value of the phase emf, with N, coils in series, and each having n, turns, is as follows 
(Equation 11.68): 


N, ; m-D. 
£= 3 No 2nd 2 Ny, B oma 
48 30 2.515 


= —-2-4-—-0.7545-m-—— -4-0.266-n_ =159.2-n 
3 60 2 ‘ . 


The RMS ampere turns per coil n,I,, for rated torque are as follows (Equation 11.70): 


(etn, 2-m-n _ 2-200-10°-2-7-1/2 
aie Oe, aay 3-/2 -159.2 


The area required in the slot to accommodate two coils A,,, is 


= 1865 Aturns(rms)/coil (11.98) 


_2-nl, —— 2-1865 
Josie a 9-10° -0.4 


= 1.036-10° m? = 1036 mm? 


slot 


where j,., = 9 A/mm? and ky = 0.4. 
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FIGURE 11.24 Flux reversal machine (FRM) stator pole geometry. 


The slot bottom width b, is, approximately, 


20 _2-m-12845 
a 48 


Ss 


b 


54=144mm 


The pole body width b,. is approximated having in mind the low useful PM flux density in the 
airgap. The same is valid for the stator yoke height h,,, 
rather than magnetization constraints (Figure 11.24). 
The rotor poles (Figure 11.14) should be tall enough to create enough saliency for the rather large 
magnetic airgap (py + g= 12 mm). 

This only shows that even a slot height of h,, = 10 mm would provide enough room for the two 
coils that require 1036 mm?” in all (Figure 11.25). 

The machine resistance per phase R, is 


which is chosen as 30 mm for mechanical 


N Lom? = 48 2.3-10°-1.77-n? 
R _ Sp - coil cL 8 a =3.14-10°-n? 


nol 3 1865 c 
910° 


Jeon 


where the coil average length [.,,, is 


coil 


2h +20, +H 


=2-0.7545 + 2-0,054-+ 7 -(2-4-0.019~0.054) = 1.77 m 
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>(4—5) (ip + 8) 


FIGURE 11.25 Rotor salient-pole geometry. 


The copper losses for rated current (torque) are as follows: 
Po =3°R,-T, =3-3.14-10° -(n, I)” =9.42-10° -18657 = 32.76 kW 


Note that the simplicity of the manufacturing process in FRM is paid for dearly in copper losses, 
which increase from 13.70 kW in the TEM to 32.76 kW in the FRM. 

As there are no aluminum carriers to hold the stator core, their eddy current losses are also absent 
in FRM, but still the copper losses of FRM are larger in a machine with the same size and torque. 
The machine inductance L, is again made up of two components: the airgap inductance L,, and the 
leakage inductance L,. The leakage inductance is moderate, as the slot aspect ratio h,,/b, is small, 
and thus, we concentrate on the airgap inductance: 


Te ce Syn ey (11.99) 


k,is a fringing effect coefficient k;< 0.2, which accounts for the large airgap above the rotor interpole 
contribution to the coil self-flux linkage: 


_ 48 6 0.01898-4 14+0.2 


L_ =—-1.256-10°.-———_.. 0.7545 -n? = 0.1046-10°* -n? 
ae (3+9)-10° 140.1 ‘ g 


Considering that the leakage inductance represents 10% of L,,, L, = (1+ 0.1) - 0.115 - 10°- n?. The 
power factor angle for pure I, control is, again (Equation 11.5), 


= tan! 1.2375 =51° 


159.6-n. 


m 


_,{ @,-L,-T-V2 _,{ 2-m-104-0.115-107 -n?-T-/2 
9, = tan : = tan : 
cos@, = 0.6285 


Remember that the power factor for the same output conditions was 0.933 for the TFM. We also 
have to point out that the PM flux fringing ratio of 0.33 (that is, 33% of ideal PM flux reaches 
the coils) is a bit too severe for the FRM, because the rotor poles are one pole pitch apart 
tangentially, while for the TFM, the axial distance between neighboring U- and I-shape cores is 
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FIGURE 11.26 Flux reversal generator (FRG) with stator permanent magnet (PM) flux concentration. 


two to three times smaller. Finally, the PM and airgap height were reduced by 25% for FRM. In- 
depth FEM studies are required to document the best solution of the two. However, with four 
airgaps per coil, TFM is expected to show smaller inductance. 


Example 11.4: FRM with Stator PM-Flux Concentration 


Let us consider again a direct-driven wind generator system operating again at T,,= 200 kNm 
and n = 30 rpm, f, ~ 100 Hz. The design of the magnetic circuit, losses, and power factor angle for 
pure I, control are required. 


Solution 


The machine geometry (Figure 11.6) is represented with one pole only (Figure 11.26). 
Making use of the PM flux concentration, we adopted a larger force density f,,, than in previous 
design examples to offset the effect of the inductance increase due to the fringing effect: f,, = 6 N/cm”. 


To yield the same diameter as before, A = I,,,,/D;, is decreased accordingly to A = 0.133: 


2-T. 2-200-10° 
D.=3 7 =| =2.515 m 
S Naf -a 7 -6-10* -0.133 


in 


The stack length is, however, 


I =A-D. = 0.133- 2.515 = 0.3345 m 


stack 
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The number of rotor salient poles for around 100 Hz should be around N, = 200, calculated as 
follows (Figure 11.26): 


DN toe 40422) apr (11.100) 


with N, = 186; k= 14; f, = N,- n= 186 - 30/60 = 93 Hz. 
The airgap g= 2.0 mm, and the pole pitch T is 


is 


2:N, 2-186 


m-D.  7-2.515 
T= = 


= 0.02014 m 


The slot opening, W,,, equal to the PM thickness, /,,,, is considered to be 8 mm. So, the stator tooth W,, 
= T— W,,= 20-8 = 12 mm. The rotor salient pole W,, may be as wide as the pole pitch or smaller: 


Woy = (0.8 + 1.0): 7 (11.101) 
The ideal PM flux density in the airgap B,pyj,, is now as follows: 


B 
Bepsasi~ Wa, tue 28 (11.102) 


hong Hy Tp 


This expression is derived from 


m Foxy =8, a 
B 
q _ 11.103 
Alig $28 =0 ( ) 
0 
B,, . B +H rec — 


with B, = 1.3 T and p,,.= 1.05 + fy. 


The fringing effect will reduce the ideal PM airgap flux density to a smaller value, as in previous cases: 


B pMaxi 


FE) (11.104) 


B = 
gPMax 
(l+k fringe 
The fringing coefficient depends again on the airgap g/W,, ratio, /p,/g ratio, and on the degree of 
saturation. With Kjing = 1.5, k, = 0.2, we set the actual airgap flux density Bypy., at a reasonable 
value, say Bypyjax = 0.7 T. 


In this case, from Equation 11.104, 


B =0.7-(14+1.5)-+0.2) = 2.1T 


gPMaxi 


This is a high value, but remember that it is only a theoretical one. From Equation 11.102, we may 
size the PM height hpy: 


2.1 a: sh 12 
TD, L05Hy 2.207 PM Omm 
av My 8 
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The PM maximum flux per coil turn, ®p,,,,.) is as follows: 


Povtace = Byprtan * Wes “Mana = 0-7 *0.012- 0.3345 = 2.81-107 Wh (11.105) 

The maximum flux linkage Wpyiphase is 
V priphase = 2" -Ppntane Mp = 2°14-2.81-107 1, = 0.07867 -n, (11.106) 

The emf per phase (peak value) E,, is 
E,, = 2-1 f.W priphase = 2°93: 0.07867 “11, = 45.949-n, (11.107) 


The ampere turns per slot nJ,, may be calculated from Equation 11.98: 


nepal 2-m-n_ 2-n_ 200-10°-2-2-30/60 
ee ae ae) 45.949 -n. 


= 6.4589-10° Aturns/coil 


The slot width is about equal to the pole pitch (Figure 11.26). W,, = (1 to 1.2) - Ty = 1.1 -20= 22 
mm. This way, the stator tooth average width is around half the pole pitch T),,. 
As the total slot height h,, ~ hpy — 2/3 - W,, — 0.005 = 103 - 10° — 2/3 - 12- 103—5- 103=90- 10% m, 


the current density required to host the coil j.,,, is as follows: 


nT 458. 
i Bie jag Ps g apheat 
on, W.-K 90-22-05 
The stator coil resistance is 
l 23-10% -0.81 
R, i Pro . — n = : a : : n = 15-10" n 
lon ses (11.108) 
‘él 2: Ls +4- Toy tH" W,, = 2-0.33454+ 4-0.020+ 77 -0.022 = 0.818 m 


For the entire phase, 
R,=2-k-R, =2-14-1.9-10° -n? =0.532-107 -n? 


The stator copper losses are then 


con 


P= 3-R,- I) =3-0.532-107 -6458.9° = 66.58 kw 


A few remarks are in order: 


+ The FRM with stator PM flux concentration cannot appropriately take full advantage of the 
principle of PM flux magnification. 

+ The machine size was reduced (the stack length was 0.7545 m for the surface PM stator FRM). This 
reduction in size is paid for by larger copper losses (66.58 kW for an input power of 628 kW). There 
is notably more copper in this machine. 

It is possible to redo the design for a smaller force density, but for larger stack length, the same 
interior stator diameter D,, is needed to notably reduce the copper losses. Still, the inductance 
seems to be higher as each coil “entertains” two airgaps. 


* The FRM with stator PM flux concentration seems to be restricted to a smaller number of poles 
per rotor and small torque machines, where the fabrication costs may be reduced due to its 
relatively more rugged topology. 
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11.4.7 Notes on Flux Reversal Generator (FRG) Control 


With its easy rotor skewing, an FRM can produce a rather sinusoidal emf and is thus eligible for field orientation 
or direct power (torque) control as any PM synchronous generator (see Chapter 10 for details and results). 


Example 11.5 


Let us now consider the FRG with rotor PM flux concentration (Figure 11.27) illustrated here with 
only a few poles (Figure 11.27). For the same data as in Example 11.3, prepare an adequate design. 


Solution 


The two stator cores and the rotor core are all made up of standard stamped laminations. Only the 
external rotor is provided with windings to save room in the rotor (Figure 11.7) and thus make it 
, interpoles. 
It is clearly visible that for maximum flux per large pole, all the PMs in the rotor are active. This 
is a better PM utilization in addition to PM flux concentration. 


more rugged mechanically. Each stator large pole now contains 2 -n,+ 1 poles and 2-n 


First, let us keep f,,, = 6 N/cm? and A = 0.133. Then, D,, (stator interior diameter) stays the same as 
in Example 11.3; D,, = 2.515 m. 


External stator 


Interior stator 


We 


TPM hom 


lem 


lem cog 
TM 


(1-1.2) mm bridge 


FIGURE 11.27 Flux reversal machine (FRM) with rotor permanent magnet (PM) flux concentration and dual stator. 
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The number of stator poles 6 - k is now as follows: 
2 
ok 20 +1+2-n +2)-an = 400 (11.109) 
PP pp ' 3 r 
with Ny, = 2, k=7, and 2 - N,= 406 poles. 


So, the PM pole pitch t,,,= 2 - D,,/2 - N, = m+ 2.515/406 = 0.01945 m. 
The ideal PM flux density in the airgap B,pyjqx; is as follows: 


B 
Beostasi = Wo 3 By 13 Ts My = 1.05- My (11.110) 
+ ete 
2Ipyy Hy lpg 


In contrast to Equation 11.102, the factor 2 - hp,, instead of hp,, is used in Equation 11.110, because 
two PM magnets cooperate in the rotor tooth W,,. 


With the actual airgap PM flux density Bypyj_, = 0.9 T, the ideal airgap PM flux density Bypyjaxi iS as 
follows: 


B -(1+k 


PMaxi ~~ gPMax fringe 
g # Ig 


) (+k) =0.9-(1+1.5)-(1+ 0.2) = 2.7 T (11.111) 


With this value in Equation 11.108, the ratio hp,,/W,, is obtained (the PM thickness I,,, = 0.4 » Ty = 
0.4: 20 = 8 mm): 


i ea (11.112) 


Ww, 1.05-Up 3 


tr 


PM Ho 


It follows that 2 - hp,,/W,, = 11.4. 

Consequently, the PM radial height hp, = 11.4 - W,,/2 = 5.7 - 12 = 68.40 mm. 

This is a notable reduction in PM weight for a better effect in comparison with Example 13.3. The 
maximum PM flux linkage per phase is obtained by adapting Equation 11.105 and Equation 11.106 
for the case in point: 


W pophase =2 -k-W,, * Bepmax . Feat 7 (2 “pp + 1) nN, 
(11.113) 
=2-7-0.012-0.9-0.3345-(2-24+1)-n, =0.2528-n, 


Consequently, the peak value of emf per phase E,, is now calculated from Equation 11.106: 


30 
E,,=2:-%- fy Penpiae = 27 Go 203-0.2528-, = 161.191, (11.114) 


By now, we have all the data necessary to calculate the rated mmf per coil nJ,, (Equation 11.98): 


2 2-0-n 2 200-10° - 2: 7- 30/60 
n-I =—<=-n -T é = n- 
POU Bago Ea, 161.19-n, 


A current density j.,,, = 6 A/mm? may be adopted, as the slot useful area A,,,, is 


= 1842.1 Aturns 


_2-m-T, 218421 


eS = = 1535-10 m?* = 1535 mm? 
Jon Key 6-10" -0.4 


There is plenty of room to locate such a slot with low height and, thus, with low slot leakage 
inductance contribution. 
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The phase resistance R, (Equation 11.108) is as follows: 


_ 2-7-2.3-10% -1.1045 


be 
R,=2-k-p,- nt’ n? = 1.1684-10° -n? 


co onl, c 1842.1 
jas 610° 
m-D. 2.515 
,72l ,t2- * = 2-0.3345+ 2-27-—— =1.045m 
coil stacl 6-k 6-7 


The copper losses p.,,, are 
Poy = 3° R, D> = 3-1.1684-10 -1842.1° = 11.7925 kW 


This displays less copper losses than for the TFM (13.7 kW), while the machine axial total length 
is about half in the TFM for the same diameter. There is still one more problem: the power factor. 
For maximum I, current control, the PM flux is zero in that phase; thus, the airgap inductance is 
rather large, as the PMs “do not stay in the way” of coil mmf flux. 


Consequently, 


WwW. 
). tr__ stack 


2-g-(1+k,) 
0.012-3345 
2-1.5-10° -(1+0.2) 


= . . . 2) . 
L = My 2-ken (2 n+] 
=1.256-10*-2-7-n? -(2-2+1)- =0.98-104 -n? (11.115) 
L,=(1+0.1)-L, =1.078-107% -n? 


Finally, the power factor angle @, is as follows (with nJ,, = 1842.1 Aturns): 


= tan ‘1.107 = 48° 


_,{ @-L,-1, v2 - 203 1.078-107-n?-T-/2 
9, =tan” | ——~_*— |= tan] 2-2- : = 


E 2 161.2-n, 


m 


cos@, = 0.67 


Let us try to reduce copper losses further by reducing the number of stator coils with k = 2 (four 
coils per phase). We obtain n, = 8 and 2- N’,=6-k (4-n,+ 1 + 2/3) = 404. The PM pole pitch 
Tpy Lemains about the same at 0.01947 m. 


Repeating the design, the PM flux per phase (Equation 11.113) is 


(2-n’ +1)-k’ . . 
P= 9528-0 ((2-8+1)-2 
(2-n,,+1)-k © (2-24+1)-7 


= 0.2528-n.- = 0.2455-n. 


VY oapnase 
and the emf (peak value) E,, (Equation 11.114) is as follows: 
Ef =2-1-N, -11-@eriphase = 2-2 -0.2455-n, = 155.76-n, 
So, the coil mmf (nJ,,)’ is 


161.1 
(n.-I )’ =1842.1- eas = 1906.26 Aturns(rms) 
err 155.76 


© 2006 by Taylor & Francis Group, LLC 


11-42 Variable Speed Generators 


With the same j.,,, = 6 A/mm”, the stator resistance R,” becomes 


Vm 2-2-2.3-10° +n? -1.985 
R’=2-k-p.- cou c c 


=0.575-10° -n? 


(n-1,)) 1906.26 
Jeon 610° 
2-0-D, 2°1-+2.515 
Vi = 2-1 t——* = 20.3345 + —_—"— = 1.985 m 
col stacl 6 ‘. k 12 


The copper losses py,,, are now 
pr, =3-R’-(n, -1,)? =3-0.575-10™ 1906.26" = 6.266 kW (about 1%) 


Note that the copper losses were reduced, by half, at the price of thicker stator and iron yokes. Unfor- 
tunately, the inductance stays about the same, so the power factor stays about the same, around 0.67. 
The following are some final remarks: 


+ In comparison with the FRM with stator surface PMs, the machine axial length was reduced by 
half, at the same interior and outer diameter, smaller copper losses, but same power factor. 

* The PM weight is only slightly larger than in the TFM with rotor PM flux concentration. 

+ In comparison with the TFM, the machine length is half at about the same interior and outer 
stator diameter, the copper losses are only 30% less, but the power factor is 0.67 in comparison 
with the 0.933 of TFM. 

* Reducing the number of stator coils could be another way to further improve FRM performance. 

+ The FRM is considered more manufacturable than the TFM. 

* It could be argued that the double-sided TFM with flux concentration can produce even better 
results. This is true, but in a less manufacturable topology. 

* Though in the numerical examples of this chapter the fringing flux coefficients were chosen 
conservatively low (0.3 to 0.4), full FEM studies are still required to validate the performance 
claims to precision, on a case-by-case basis. 


11.5 Summary 


+ This chapter investigates two special PM brushless generators with large numbers of poles and 
nonoverlapping stator coils. 

* One is called the TFM, and it uses circular single coils per phase. The PMs are on the rotor or on 
the stator, with or without PM flux concentration. The flux paths are generally three dimensional. 

* The other one is called the FRM, and it makes use of the switched reluctance machine standard 
laminated core. The PMs may be placed on top of stator poles in a large even-numbered 2 - n, 
with alternate polarity. 

* In both, TFM and FRM, the PM flux linkage in the stator coils reverses polarity, but, generally, 
for the same diameter and pole pitch (number of poles per periphery), the TFM coil embraces 
more alternate PM poles and is destined for better torque magnification. 

* As the PM pole pitch decreases with a large number of poles, the PM fringing flux increases to 
the point that the latter becomes overwhelming. In essence, Tpy > + Mpyp where g is the mechanical 
gap, and hp, is the PM radial thickness to secure a less than 66% reduction of flux in coil due to 
fringing. Reductions of only 35 to 40% are reported in Reference 2 for a small machine. 

: The large fringing translates into poor usage of PM and core material and high current loading 
for good torque density, higher copper losses, and lower power factor. 

+ The torque in Newton meters per watts of copper losses and the power factor cos @, are defined 
as performance indexes, which are independent of speed (frequency), to characterize TFM and 
FRM. Also, the total cost has to be considered, as these machines use less copper but more iron 
and PM materials than standard machines. 
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The chapter develops preliminary electromagnetic models for TFM and FRM and then uses the 
same specifications: a 200 kNm, 30 rpm, 100 Hz generator in four different designs — a TFM 
with surface PMs and three FRM designs (one with surface PM stator, one with stator PM flux 
concentration, and one with rotor PM flux concentration). 

All four topologies could be designed for the specifications, but the TFM, for the same volume, 
was slightly better than FRM with the surface PM stator in power factor. However, a reduction in 
volume by one half, for about the same copper losses and lower power factor, was obtained with 
the PM rotor flux concentration FRM. It may be argued that the TFM could also be built with 
PM flux concentration. This is true, but the already low manufacturability of TFM is further 
reduced this way. 

It is too early to discriminate between TFM and FRM, as one seems slightly better in torque/ 
copper losses for given volume, but the other is notably more manufacturable, for a very high 
number of poles. 

In terms of control, the FRM is easily capable (through skewing) of controlling sinusoidal emfs 
and is thus directly eligible for standard field orientation or direct power (torque) control (see 
Chapter 10 on this issue). 

New PM generator/motor configurations that depart from the standard PM synchronous generators/ 
motors (Chapter 10) are still being proposed in the search for better very low speed direct-driven 
generator systems with full power electronics control. 
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12.1 Introduction 


This chapter deals mainly with linear oscillatory motion electric generators. The linear excursion is within 
a few centimeters. As prime movers, free piston Stirling engines (SEs), linear internal combustion single- 
piston engines, and direct wave energy engines (with meter range excursions) are proposed. 

So far, the Stirling engine [1] has been used for spacecraft and for residential electric energy generation 
(Figure 12.1) [1]. The linear internal combustion engine (ICE) was recently proposed for series hybrid 
electric vehicles. 

While rotary motion electric generators are multiphase machines, in general, the linear motion alter- 
nators (LMAs) tend to be single-phase machines, because the linear oscillatory motion imposes a change 
of phase sequence for change in the direction of motion. A three-phase LMA may be built of three single- 
phase LMAs. 


12-1 
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Hot space 


Heater Cylinder (area A) 


Displacer 
Regenerator Gas spring 
Xq (pressure Pg) 


Cooler Displacer rod (area Ag) 


Bounce space Cold space 


Piston 


Alternator 


FIGURE 12.1 Stirling engine — linear alternator. 


Though at first LMAs with electromagnetic excitation were proposed as single-phase synchronous 
generators (SGs), more recently, permanent magnet (PM) excitation took over, and most competitive 
LMAs now rely on PMs. 

A brief classification into three categories may be useful: 


* With coil mover (and stator PMs) 
* With PM mover 
* With iron mover (and stator PMs) 


One configuration in each category is treated separately in terms of principle and performance equations. 
The dynamics and control will be treated once for all configurations. A special kind of linear motion 
generator with progressive motion to provide on-board energy on maglev (magnetically levitated) vehi- 
cles with active guideway is also briefly discussed. 


12.2 LMA Principle of Operation 


PM-LMaAs with oscillatory motion are, generally, single-phase machines with harmonic motion: 
x=x, sin@ t (12.1) 


The electromagnetic force (emf) is, in general, 


OPS ae 
e(t)=—-—“%& — 12.2 
) ox dt ee) 
where Y,,, is the PM flux linkage in the phase coils. 
With Equation 12.1 in Equation 12.2, 
ow 
e(t)=-——™x @ sina t (12.3) 
Ox mr r 
To obtain a sinusoidal emf waveform, Equation 12.3 yields the following: 
ov 
2M. =C (12.4) 
ax , 
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‘YpMax 


—Xn Xm  X (position) Xm X (position) 
—Y Max 
Extreme Extreme 
left right 


(a) (b) 


FIGURE 12.2 Permanent magnet (PM) flux linkage vs. mover position: (a) ideal and (b) real. 


This means that the PM flux linkage in the phase coils has to vary linearly with mover position. Flux 
reversal is most adequate for the scope (Figure 12.2a and Figure 12.2b). 

The excursion length is 2x,, but x varies sinusoidally between x,, and —x,,. 

The ideal harmonic linear motion and PM flux linkage linear variation with mover position are met 
only approximately in practice. 

In essence, the V,,, (x) flattens toward excursion ends (Figure 12.2b), which leads to the presence of 
third, fifth, and seventh harmonics in e(t). Also, mainly due to magnetic saturation variation with 
instantaneous current and mover position, even harmonics (second and fourth) may occur in e(t). 

Through finite element method (FEM), the emf harmonics content for harmonic motion may be fully 
elucidated. The electromagnetic force F(t) is as follows: 


p(1)= O09 __ Aw ivy (12.5) 


yp dW : 
Ideally, with —*“ =C_, the trust varies as the current does. 


The Righest iatemction electromagnetic force per given current occurs (Equation 12.5) when the 
e(t) and i(t) are in phase with each other. 

For d'¥_,, ,/dx = constant, from Equation 12.4, it follows that e(t) is in phase with the linear speed. So, 
for highest trust/current, the current has to also be in phase with the linear speed. 

The above rationale is valid if the phase inductance L, is independent of mover position, that is, if the 
reluctance trust F. is zero. 

In the presence of PMs, a cogging force, FE og? OCCUIS for zero current. This force, if existent, should be 
zero for the mover in the middle position and maximum at excursion ends, in order to behave like a 
“magnetic spring” and, thus, be useful in the energy conversion (F, oo es -x) (Figure 12.3). 

For the ideal LMA, with L.= const, e(t)= E ,cos@t, E =C +x -@. harmonic motion, x= x,,sin@ t 
(provided by the regulated prime mover), and perfectly linear cogging force characteristic, under steady 
state, the voltage equation is, in complex variables, 


Vi= —(R, +joL )I, +E, (12.6) 
with 
E,=E,e™ V,=V v2) (12.7) 


The phase voltage of the power grid V, is phase shifted by the voltage power angle 6,, with respect to 
the emf E,. 


© 2006 by Taylor & Francis Group, LLC 


12-4 Variable Speed Generators 


LMA stator 
Prime mover 


LMA mover 


Mechanical spring 


FIGURE 12.3 The prime mover and linear motion alternator (LMA) system. 


The phasor diagram of Equation 12.6 and Equation 12.7 is shown in Figure 12.4 for the general case 
when I, is not in phase in E,. The operation is similar to that for an SG, although a single-phase one. 
The delivered power S is as follows: 


s=(V,-1)=2 +iQ (12.8) 


The delivered active average power P is 


P= Real(V, I )= el cos6,— RI? (12.9) 
To deliver power to a power grid of voltage V, (root mean squared [RMS] value), the RMS value of 
emf E / V2 should be considerably larger than the former: 


E, >V,v2 (12.10) 


due to the inductance L, and resistance R, voltage drop. A series capacitor may be used to compensate 
for these voltage drops, at least partially. The power pulsates with double-source frequency 2@,, as for 
any single-phase source. 

We considered from the start that the frequency of the power grid voltage V, is the same, @_, as that 
of the emf, given by the harmonic motion (Equation 12.1 through Equation 12.3). 


FIGURE 12.4 Phasor diagram of linear motion alternator (LMA). 
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The synchronization process would be similar to the case of rotary synchronous machines, but we 
have to regulate the motion amplitude and frequency so as to fulfill the condition of equal frequency 
and E,=V,. Subsequently, to load the generator, the motion amplitude has to be increased in order to 
increase the delivered power. 

The frequency remains constant, as the power grid is considered much stronger than the LMA. 
Alternatively, the stand-alone operation of LMA is not constrained in frequency, but the output is 
increased by increasing the motion amplitude, below the maximum limit x 


max* 


12.2.1 The Motion Equation 


The equation of motion is, essentially, as follows: 


=F -F+F +F (12.11) 


m, ; d 2 mec e cog spring 
t 


The mechanical openings force Fis 
spring 


ing = KX (12.12) 

with m, equal to the total moving mass: 
ene ag (12.13) 
F(t)=C, -i(t) (12.14) 


For stead-state harmonic motion, the prime mover should ideally cover only the electromagnetic force 
Be 


e 


F()=F () (12.15) 


mec 


Then, to fulfill Equation 12.11, we also need to know that 


a's (K+C_)x=0 (12.16) 
m, ae + cog x= . 
asx=x sin@ t, it follows that 
(-m,x,,? +(K+C,,)x,, sing,t =0 (12.17) 
and finally, 
(K+C_,) 
@,= (12.18) 
m 


t 


Equation 12.18 spells out the mechanical resonance condition. So, the electrical frequency (equal to the 
mechanical one) should be equal to the spring proper frequency. 

In this case, the prime mover has to provide only the useful electromagnetic power, while the mechan- 
ical springs do the conversion of electrical to kinetic (and back) power at excursion ends, securing the 
best efficiency conditions. 

If linear, the cogging spring-type force helps the mechanical springs. In reality, the cogging force drops 
notably at excursion ends, leading to the nonlinear spring characteristic that limits the maximum stable 
motion amplitude to (0.80 to 0.95)x,,; X,, is the ideal maximum motion amplitude (where the flux 
linkage Y,,, is maximum). 

Now that the basic principles are elucidated, we may proceed to the first category of LMAs — that 
with coil movers and stator PMs. 
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FIGURE 12.5 Homopolar linear motion alternator (LMA) with coil mover. 


12.3 PM-LMA with Coil Mover 


The PM-LMA with coil mover stems from the microphone (and loud speaker) principle (Figure 12.5). 
The ring-shaped permanent magnet is placed within a cylindrical space in the airgap. The airgap is 
partially filled with the coil mover. The coil mover is made of ring-shaped turns placed in an electrical 
insulation keeper that is mechanically rugged enough to withstand large forces. As the coil moves back 
and forth axially, the PM field induces an emf in the coil that is proportional to the linear speed dx/dt, the 
flux density Bow the average length of the turn, and the number of active turns n’ per PM length J, : 


e(t)=-—-n'-1_ -B (12.19) 


The total number of turns per coil n, corresponds to the total coil length, which surpasses the PM 
length I,,, by the stroke length! = 2x 


ke max 


1 +l 
n= nf Laie Flow) =a ow) (12.20) 


PM 


This means that only part of the coil is active in terms of emf, while the whole coil intervenes with its 
resistance and inductance. Alternatively, the PMs may be longer than the coil by the stroke length. 

As the motion is considered harmonic, the emf e(t) is sinusoidal, unless magnetic saturation on load 
or PM flux fringing influences B,,,,,,» making it slightly dependent on the mover position. 

It should also be noticed that the homopolar character of the PM magnetic field leads to a large 
magnetic core of the stator, while the placement of mechanical springs is not an easy task either. 

The mechanical rigidity of the coil mover with flexible electrical terminals is not high. On the good 
side, the mover weight tends to be low, and the copper use and heat transfer surface are large, allowing 
for large current densities and, thus, lower mover size, at the price of larger copper losses. 

The average linear speed in LMA is rather low. For example, for speed at f, = 60 Hz and x, = 10 mm, 
the maximum speed U,, =x,@ = 0.01 - 27- 60 = 3.76 m/sec. The average speed U, = 4x, f, =4- 0.01- 
27 - 60 m/sec. For given electromagnetic power, say P,, =1200 W, it would mean an average electromag- 
netic force E =P, /U_,, = 1200/2.4 = 500 N. 

The total magnetic airgap h,,, which includes the two mechanical gaps g, plus the coil radial 
height h,,,, and the PM height h,,, is as follows: 


Hag = Apyy + Mogg +28 <(2—2-2)Mpy, (12.21) 
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FIGURE 12.6 Heteropolar (multipolar) permanent magnet linear motion alternator (PM-LMA) with coil mover 
in extreme left position. 


The condition in Equation 12.21 preserves large enough PM flux density levels in the airgap with a good 
use of PMs. 

For larger powers (forces), heteropolar LMA, with multiple coils connected in counter-series or in 
antiparallel, may be conceived as multipolar structures (Figure 12.6). As visible in Figure 12.6, the mover 
now contains a magnetic core that makes it more rugged, but it adds weight. The rather small pole pitch 
of the PM placing makes, however, the thickness of the mover core rather small, in general, Lag =(1- 2)b aes 
As the actual PM flux density is below B /2, and only half of the PM pole flux flows through the back 
core, the mover core thickness is, in general, h, < Lo / 4 even for B=1.2 T. The larger the Bg Mages the 
better copper utilization will be, but this comes at the price of additional iron in the back cores. An 
optimum situation in terms of efficiency, another in terms of costs, and yet another in terms of mover 
weight is felt to exist when such a coil mover LMA is designed. 

Note that the increase in mover weight poses severe limitations on the frequency of stable oscillatory 
of motion by the prime-mover control. 

As the homopolar LMA is treated in detail elsewhere [1], we will concentrate here on the multipolar 
(heteropolar) LMA with coil plus iron mover. 


12.4 Multipole LMA with Coil Plus Iron Mover 


The tubular configuration in Figure 12.5 that constitutes the multipole LMA with coil plus iron 
mover, is suitable for high-force applications, because as the force increases, both the mover external 
diameter and the number of poles 2p ,may be increased. This is not the case with the homopolar 
configuration (Figure 12.3), where only the mover diameter may be increased when more force is 
needed. Also, the force at zero current (cogging force Eo and the reluctance force (F ) are both zero. 
The PM flux distribution and force production may be calculated with precision by two-dimensional 
(2D) FEM. 

The stator core may be made of solid mild iron, while the mover core below the coils has to be fabricated 
from magnetic powders or from ring-shaped thin laminations with a filling factor of 0.95 or more to 
allow for large enough PM flux density in the airgap. 

Magnetic saturation may be considered a second-order effect, as the coils are placed in air to reduce 
the mover weight and also to reduce machine inductance. 

An approximate analytical model is always useful for a preliminary investigation. Let us pursue it here. 

The detailed pole (section) geometry is as shown in Figure 12.7. 
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1 stroke = 2m 


FIGURE 12.7 Geometrical details of multipole permanent magnet linear motion alternator (PM-LMA) with coil 
plus iron mover. 


The airgap PM flux density in the airgap Bow 1S 


a, Be Hoa" Hee : 1 
BM Hy t (Bt Mig) ree At Keine) 4K)’ 


coil rec fringe 


(12.22) 


where k fringe 8 the fringing factor that accounts for the PM flux leaking through the airgap and between 
neighboring PMs, axially. 

The fringing coefficient k fringe depends on (1+(g+hjoi)/hpy) and on I. /h,,,, besides the magnetic 
saturation in the mover and in the stator back cores. 

Though approximate analytical expressions for k fringe MAY be derived, FEM should be used to obtain 
reliable information in this matter. 

In general, however, for a good design, k fringe <O-3—0.5. K, takes care of magnetic saturation and is 
generally less than 0.05 to 0.15 in a well-designed machine. 

The emf in the 2p, coils in series, E, is as follows: 


+1 


l 
E(t)=B py, U(t)-m-D,,,-2p-n, (=) (12.23) 
PM stroke 
In Equation 12.23, only the part of the coils under the direct influence of PMs is considered to produce 
force, while the total number of turns/coil is n; D,, is the average coil-turn diameter. 
The electromagnetic force F is as follows: 


Lot ; 
E(t)=Boy on, {—}x2.20st (12.24) 


stroke 


The machine inductance L, and resistance R, are 


tom oF Lake 
(hh, tgth 


) 


coil 


(12.25) 
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where 
I, is the RMS value of rated current 
Jeo, 18 the rated current density in the design 


For forced air cooling, 7 =6—10 A/mm”; otherwise, it is 4 to 6 A/mm”. The factor 1/8 comes from 
the linear variation of current-produced field with position. The core losses occur mainly in the mover 
core, but, at least for electrical frequencies f, <50(60) Hz, they are likely to be only a fraction (10 to 15% 
at most) of copper losses. 

The machine behaves like a single-phase nonsalient-pole PM alternator, and thus, under steady state, 
the voltage equation in complex variables is as known (Equation 12.6 and Equation 12.7): 


con 


Vi= -(R, +jo,L I, +E, (12.26) 


The general phasor diagram in Figure 12.4 remains valid. 
As the stator and mover cores handle half the pole flux, the core depths h, and h, are as follows: 


os Boy 1+ Kooa) lpm/2 . 
cs B, ? 
(12.27) 
n-(D* -(D, -2h,,)’) B yg *-(D_, — 2p) 
cr cr cm gPM cr PM 
4 ‘Bs am 2 +k a) x tM 


The influence of circularity was considered in the mover, because when the mover diameter gets smaller, 
the latter has a notable influence. 

The coefficient K,,,, =0.3—0.5 accounts for the increase in flux density due to coil current for the case 
when the E equals in amplitude I@,L_.. This corresponds approximately to a power factor of cos@, = 0.707 
(Figure 12.4), which is considered a good compromise between force density and energy conversion 
performance: 


@. 
tang, = ee (12.28) 


Example 12.1 
Consider a multipolar PM-LMA with coil iron mover and the following specifications: 


* Electrical output: P = 22.5 kW at V, = 220 V,, (RMS) 

+ Efficiency: 1 > 0.92 

+ Load power factor: unity 

* Frequency: f, = 60 Hz 

* Stroke length (imposed by the prime mover): /_ ,, =30 mm 
* Harmonic motion x=—“sin2z- f\-t 


The task is to design the machine and calculate its performance. 
Solution 


We shall remember that a good design requires mechanical springs attached to the mover, sized at 
resonance 27 f, = ,/K/m,, where K is the spring coefficient, and m, is the total mover mass. 


There are two ways to handle the unity power factor load: with or without a capacitor (in series 
with the machine phase). 


In order to provide the largest stroke length for lower copper losses, not only are resonant conditions 
required, but also, emf E, and current I, should be in phase. 
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In this case, the power factor is mandatory lagging. Consequently, a compensating capacitor is necessary: 


; 1 
wa|asfey-ge lve (12.29) 
with 
1 
o,L.=—_~ (12.30) 
aC, 
V=E-RI, (12.31) 


The compensating capacitor C, makes the alternator behave like a direct current (DC) generator in 
the sense that only the resistive voltage drop counts. The short-circuit has to be avoided. 


Once these fundamental design aspects are elucidated, we may proceed to dimensioning. 


* The electromagnetic force F, is 


P 
F ee eae (12.32) 


or 


U,,, = 2:30 x 10° -60=3.6 m/s 

3 

agree 1 OT A 6793.5 N 

"0.92 X 3.6 

* The mover core external diameter D,, may be obtained based on a given specific force f,, for a 
given number of poles 2p, : 


F 
m-D_ = en (12.33) 
Tig “2?, tig 


The PM pole length J,., is not yet known, and a value should be adopted in relation to the stroke 


length |. ,,- Let us consider J,,,/l,,, = 2, and the number of poles 2p=4, with f,, =4 N/cm’. 


* The PM airgap flux density ee (Equation 12.22; for neodymium-iron—-boron [NdFeB] PMs 
with B =1.2 T and yw, = 1.07 to 4.3) has to first be assigned an approximate value to be adjusted 
later, as is shown in what follows. 

+ Let us consider K fringe = 9-2 K, = 0.05 and Mpyglbrec! (Hpnllree + & + Mggi) = 1/2. 

Bel oe Se Ss =. 20.476) T. 


(1+0.2)(1+0.05) 


From the force equation (Equation 12.24), the ampere-turns per coil n_I,, is obtained (1,,, =21,, = 
2-30 = 60 mm): 


= tom 


7 ~ Bom lL +1 
PM stack 


-m-D,.-2p-nel,, (12.34) 
For sinusoidal current (corresponding to harmonic motion), 


1, =1,V2-2, I, — RMS value (12.35) 
T 
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The average turn diameter is not known exactly, but if we consider D, instead of D,,.> the compu- 
tation renders conservative results, as obtained from Equation 12.34: 


1 2N2 5 
1 n 


= °%-0.2313-n, 
2 


6793.5 = 0.4762: : 


nI, =8201 Aturns per coil. (There are 2p, = 4 coils.) 


* These coil ampere-turns spread over a length lpyy + lerroke = 60 + 30 = 90 mm. The filling factor Ky 
for the coil, in a premade such coil, could be up to 0.6. Consequently, the height of the coil h,,;; is 


— nt 8201 
4 Kd 9-10° x 0.6 x 0.06 


con’ fill’ PM 


= 38 mm (12.36) 


* The total airgap g= 2 x 1.5 mm = 3 mm. With yw, = 1.07 from the adopted ratio '/2, 


h 
PM =A (12.37) 
Hoy + (g + haa V bree 


we obtain hp, = 44 mm. 


Both the coil height h,,,, and the PM height hp, seem to be reasonable for the force and power involved. 
* To size the capacitor C,, the machine inductance is calculated from Equation 12.25: 
1 Clon tT Lerote ) 


L BaD 2 w-n-D stroke 
Bg PL By Me Eo Ch + eth, (l+K,) 


0.2313 + 2-0.0380.06 + 0.03 - 


0.044 + 0.003 + 0.038 = 


l 
= 54 x 1.256 x 10°°-2 0.55-10°°-n? H 


The stator resistance R, (Equation 12.25) is as follows: 


2 
m-D,,1, ‘2P, 


R, = Poo I-n, 


Jeon 


(12.38) 

2.3X10* x 1X 0.2693 4-1 
= 8201 
9.108 


= 8.5374X 10° -n? 


The electrical time constant T, is 


SB > (0551074 


‘ = => = 0.00644 sec 
R, 15xX5.69x10™-n° 


+ The copper losses P.,,, are, simply, 


P= RI, =1.5-5.69-10~ -8201° =5.74 KW 


con 


As can be seen, P,,,, are much larger than 10% of output; thus, the efficiency target is too large. 
The current density j.,,, may be decreased to increase efficiency, but in this case, the size of the coil 


height (h,,,,) and, consequently, the PM height have to be increased also. This is feasible for the case in point. 


+ There are many ways to continue this design toward optimization, based on minimum materials 
costs, or on 1) - cos@, etc., separately or combined. 
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+ Here, we verify the power factor angle ¢, first (Equation 12.28), with E, from 


Fy Uimac'V2) 
E,= ae = =C,-n, (12.39) 
F-U 6793.5 x 0.03-1- 
=a Sm 93.5 x 34-60 _ 3.35 
V2-n.-T, V2-8201 
So, 
I@,L, _I-@,-0.55-10° -n* 
tang, =—1+= “=0.512 
BE, 3.32-n, 
and 


9, =27.11°, cos@, = 0.89 


This is an almost practical design value. 
We may compensate the whole reactive power of L, through a capacitor C,: 


1 10° 12.80 
a ee (12.40) 
 @e-L (2060)?-0.55-n? 
The reactive power in the capacitor Q,, is 
EE (nI,)° 2.25 
Q,=—b = =13.93 KVAR (12.41) 


@,C.  2m-60-12.806 
If the machine works in the presence of series capacitor C,, then the voltage equation (Equation 12.31) 
applies: 

V, =220=-R I. +E, =-5.69-1.5-10°-n,-(nI,)+3.32n, (12.42) 


The number of turns 1, ~ 77 turns/coil. 
The wire diameter de, is 


4-1 on. 4 x 8201 3 
d= ; = 5 = 3.929 X10~ m (12.43) 
1 a aa m:9X10° X77 


This is way too large a value; thus, quite a few conductors in parallel are required, as the current 
I, =n 1,/n, = 8201/77 = 106.50 A. 
Alternatively, a copper sheet may be used, as the conductor area required A,, is as follows: 


I 
A. = 2x 2 106.50 
oa... aloe 


= 11.83 mm? (12.44) 


Building the coils 1.183 mm thick, may make 10 mm wide rectangular conductors feasible. 


+ As the power factor is large enough, it is possible to give up the capacitor. In the absence of a 
capacitor, the full voltage equation (Equation 12.29), with current and emf in phase and C, = ~, 
is to be used to calculate the number of turns per coil. A value larger than 77 will be found. At 
the same n,I,, and voltage V,, less power will be delivered, though. 


Note on Performance Characteristics 
Once the machine parameters are known, the voltage and force equations may be applied to calculate 
steady-state performance, as in any synchronous machine. 
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A few remarks on the coil plus iron mover PM-LMA are in order: 


* As all LMAs, the coil plus iron mover LMA, with coils in an insulation keeper, is a low-speed 
machine for which it is advisable to work at mechanical resonance frequency; that is, electrical 
frequency is equal to mechanical resonance frequency. 

+ The coil layer provides an extra airgap; thus, the inductance of the machine is reasonably low. 
Consequently, the power factor is good for a specific force f,= 4 N/cm? in the 22.5 kW, 3.6 (average) 
m/sec at 60 Hz, design example. 

* The reluctance and cogging forces are theoretically zero. 

+ The main reliability disadvantage is the presence of flexible electrical terminals to extract the 
electric power from the mover. As the speed is small, even copper ring brushes may be used instead. 

+ The copper losses are large, as each coil has to cover not only a PM pole span, but also the full 
stroke length. It is feasible to make the PMs longer than the coils at the price of additional PM costs. 

* To make the machine more rugged, we may let the PM part move and the coils be at standstill, 
while putting the PM part inside the coil. But then, a PM-mover-type configuration is obtained. 


12.5 PM-Mover LMAs 


A few PM-mover LMAs are shown in Figure 12.8 through Figure 12.11. The configuration in Figure 12.8 
contains, basically, a single ring-shaped stator coil surrounded by a U-laminated (or magnetic powder) 
core and a two-pole cylindrical mover with surface PMs enclosed in an insulation retainer. 

The interior stator may also be made of U-shaped laminations or of magnetic powder. The magnetic 
powder makes the machine more manufacturable, but it essentially reduces the force, for the same PM 
weight and geometry, by about 30% (for “, = 500 in magnetic powder). 

As the mover advances from the extreme left position by half the PM pole pitch 7/2, the PM flux 
linkage in the coil switches polarity. So, we may call the configuration a flux reversal machine [3], though 
it was proposed earlier than the flux reversal machines (see Reference 1). 

The fragility of the mover and the leakage flux of the PM half-poles are, together with the manufac- 
turing difficulties, the main liabilities of this otherwise moderate force density, good efficiency LMA. 

The axial airgap PM-mover tubular LMA in Figure 12.9 is good for small stroke length (up to 10 mm 
maximum) but retains the manufacturability liabilities of the configuration in Figure 12.8. Additionally, 
it has a smaller usage of coils with flux linkage that switches from maximum to minimum without 
changing polarity. 

The tubular configuration in Figure 12.10 is a typical multipole PM mover air multicoil stator, with 
the number of coils larger than the number of PM poles by one, in general. 

This type of LMA behaves basically as the one in the previous paragraph in all ways, but the placement 
of the air coils on the stator removes the necessity of flexible electrical terminals. 


Nonoriented grain 
steel 


FIGURE 12.8 Linear motion alternator (LMA) with radial airgap and tubular permanent magnet (PM) mover. 
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FIGURE 12.9 Linear motion alternator (LMA) with axial airgap and permanent magnet (PM) mover. 
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FIGURE 12.10 Linear motion alternator (LMA) with permanent magnet (PM) multipolar mover and air core 
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FIGURE 12.11 Flux reversal linear motion alternator (FR-LMA) with flat permanent magnet (PM) flux 


concentration. 
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All configurations above do not take advantage of PM flux concentration, but, instead, they show a 
reasonably small machine inductance. 

In an attempt to increase the force density at the cost of larger inductance, the flat-mover PM flux 
concentration concept was matched with a multiple teeth (Figure 12.11) variable reluctance stator. There 
are two or four concentrated coils (Figure 12.11) in this machine. 

The concept of flux reversal is used [4] but with a PM mover. The two stators are shifted by a PM 
pole pitch (or one stroke length). As the mover moves from the extreme left to the extreme right position, 
the PM flux linkage in the coils reverses polarity with the contribution of all PMs all the time. 

Alternatively, the mover PM flux could be closed in a plane transverse to the motion direction when 
the concept of rotary transverse flux PM machine is applied (Figure 12.12a and Figure 12.12b), with or 
without PM flux concentration [5,6]. 

The transverse flux linear motion alternator (TF-LMA) configuration with PM flux concentration 
(Figure 12.12a) works as does the flux reversal linear motion alternator FR-LMA (Figure 12.11) but requires 
a special frame to hold the U-shaped stator cores and the stator coils. In the FR-LMA, the stator cores, 
premade of axial laminations and assembled in one rugged stack (which does not need spacers, etc.), 
make it essentially more manufacturable. At the price of additional stator core weights, though. 


U shape 


laminated cores ee 


PMs on 
the mover 


Solid iron 
mover rod 


| | Stator coil 


Nonmagnetic 
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(b) 


FIGURE 12.12 Generic permanent magnet (PM) mover transverse flux linear motion alternators (TF-LMAs): (a) 
with PM flux concentration and (b) without PM flux concentration. 
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In contrast, the surface PM mover TF-LMA (Figure 12.12b) makes poor usage of PMs. It has a smaller 
inductance that leads to a reasonable power factor, but at a lower force density than for the configuration 
with PM flux concentration. 

Double-sided flat configurations were chosen for both TF-LMAs and FR-LMAs to secure ideal zero 
mover to stator total normal (attraction) force. 

We will deal in the following paragraphs with the theory and design of the tubular PM mover single- 
coil LMA (Figure 12.8) and the FR-LMA with flux concentration (Figure 12.11). 

The TF-LMA with PM flux concentration works similarly to the FR-LMA with flux concentration 
and, thus, is not pursued further in this chapter. 


12.6 The Tubular Homopolar PM Mover Single-Coil LMA 


The basic configuration for this type of LMA (Figure 12.8) has a long fragile mover with external PM 
half-poles that produce, through their time-variable leakage flux, eddy current losses in the machine 
frame. Additional frame is needed to reduce the eddy currents by placing the conducting frame parts 
away from the PM leakage fields. Alternatively, those fields may be magnetically contained without causing 
additional forces or losses. 

This is why a single PM pole rotor may be preferred, at the price of halving the airgap PM flux density 
(Figure 12.13). A large diameter short-length aspect ratio should be aimed for, as the active length is just 
two stroke lengths (21,,,.;.), to keep the mover mechanically rugged rigid enough. Also, a large outer stator 
bore diameter allows for an interior stator coil for better volume utilization. 

The homopolar PM mover exhibits a dynamically unstable central position. The mechanical springs 
are responsible for holding the mover in the central position when the machine is turned off. 

As the total length of iron in front of a PM (radially) is the same, irrespective of mover position, the 
cogging force is small and does not have to be considered for preliminary designs. 

Also, the machine inductance is independent of mover position: L,= constant. 

The influence of magnetic saturation is small due to the large magnetic airgap. 

Applying Ampere’s and Gauss’s laws, we may find the average airgap PM flux density in the airgap 
above the PM in the extreme right position (Figure 12.14): 

h 1 


=B- PM ; (12.45) 
Fong +p, (4g+ hoy) (+K 


B 
gPM 
fringe ya + K, ) 


Thick magnets are required (hp, >>4g) to provide a reasonable average PM flux density. 


Ring shape U-shape laminated stator 


stator coil cores 


U-shape laminated cores 
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FIGURE 12.13 Unipolar permanent magnet (PM) rotor linear motion alternator (LMA) (extreme right position). 
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FIGURE 12.14 Permanent magnet (PM) flux paths. 


Adopting harmonic motion and a linear variation of PM flux linkage in the coils from Ppy4,,, to —P pyar 
the emf varies sinusoidally in time: 


aD 


mav ( 


E(t)=—27f,B N, +N, )cos(2z ft) (12.46) 


gPM | ack 


where 
Dyjay is the mover average diameter 


mav 


N,, N; are the outer and inner coil number of turns 


The machine inductance has two components, L,, L,,, corresponding to slot leakage flux and main flux path: 


L N h, +4 he D+ N h, + hes ‘D (12 47) 
= /| ——+—~— |Tv. ae ee es = 
1 = HN; 3b, b, i THON, 3b, b,, . 
mD(N,+N,)'1 
HM, nav ( 0 my) stack (12.48) 


(14+ K )(4g¢+h,, (+H...) 


where D, and D, are inner and outer coil average diameters; all the other dimensions are as shown in 
Figure 12.13. 
For harmonic motion, 


l 
x= ) sin(2a ft) (12.49) 


the instantaneous speed u(t) is 


| 
u(t)= =. th cos(27 ft) (12.50) 


For linear flux/position dependence, E(t) is in counter-phase to the linear speed u(t), which explains the 
negative sign (—) in Equation 12.46. 
For sinusoidal current, instantaneous force F,(t) is as follows: 


E(t)= E(t)-i() Baran “brace ®* Prnay’N + Nj 
. u(t) Ta 


ii coston pts (12.51) 
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FIGURE 12.15 Position (x), speed (u), electromagnetic field (emf) (e), and current i(t) for harmonic motion ideal 
condition (linear permanent magnet [PM] flux/position dependence). 


Again, the largest force/ampere occurs for the current in phase with emf. The emf, current, speed, and 
position variations in time for y, = 0 and harmonic motion are shown in Figure 12.15. 

In reality, toward the end of excursion, the flux rise with position slows, and basically, a third harmonic 
occurs in the emf in addition to the fundamental. 

Due to magnetic saturation, even harmonics may occur in the emf, with the force being asymmetric 
with respect to the middle mover position. Through FEM, such aspects could be treated with reasonable 
accuracy. 

Note that the voltage equation and steady-state performance for various values of stroke length for 
autonomous or constant voltage power grid loads are as in the previous paragraph dedicated to prime 
coil mover PM-LMA. A numerical design example follows. 


Example 12.2 
Consider a homopolar PM mover LMA with outer and inner coils and the following data: 


+ Mean diameter of inner coil D; = 0.3 m 

* Stroke length / 

* Mechanical airgap g= 1 mm 

* PM radial thickness hp, = 10 mm 

* Outer and inner slot dimensions as follows: b,, = b,,= 30 mm, h,, = 45 mm, h,, = 15 mm, 
Igy = hy = 3: mm, B, = 1.2 T, M,..= 1.05 


= 30 mm 


stroke 


Calculate the following: 


* The rated current for j,,, = 6 A/mm? and a slot filling factor kg, = 0.5 

* The emf RMS value at f, = 60 Hz and full stroke length 

+ The machine inductance and resistance L,, R, 

+ For rated current and emf in phase with the current, determine the terminal voltage and active 
and reactive rated powers P,, Q, at 60 Hz 


id 


Solution 


+ The useful window area for the coils A, = (A, + A;) is as follows: 


A, =h,b,, + h,b, = 30(45+15) = 1650 mm” 


SO SO ‘Si 


With a filling factor Kj = 0.5, the total RMS magnetomotive force (mmf) F, + F; is 


F+F=(N,+N,)I,=A,K yj oy, = 1650%0.5%6 = 4950 Aturns 
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Finally, 
I, =(N,+N,)L,/(N, +N,) = 4950/(40-+15)=90.A 
* The mean mover diameter D,,,, is 


mav 


Dy =D, +h, + 2h, +2g+h,,, =3004+15+2X3+2x1+10=333 mm 


mav 


Simply, the mean diameter of outer stator coils D, is 
D, =D jy + iy + 2h, +28 + Npy, = 3334+2X14+104+2X3+40= 391 mm 


To calculate the emf, we also need the airgap PM average flux density Bp, (Equation 12.45): 


Boy =B Pou : 
PM Nay + Mpc 4th) + K singe (1+ K,) 
=1.2 y : = 0.3305 T 


"10+1.05(4x1+10) (1+0.4)(1+0.05) 


The fringing factor Kjing. = 0.4 and the magnetic saturation factor K, = 0.05 are conservative 
values in the equation above. 

It should be noticed that the flux density is rather small, despite the use of good PMs (B, = 
1.2 T). Fringing plays an important role, together with the homopolar magnet configuration, 
in this notable reduction in performance. 

The emf is now as follows (Equation 12.46): 


2 
Thy -L,,.-#-D,, (N,+N,) 


oP. stroke mav 
v2 


27-60 
= X 0.3305 x 0.03 x 7 X 0.333 x (40 +15) = 152.376 V 


a 


E(rms value) = 


+ The machine inductance components L,,, L, are straightforward (Equation 12.47 and Equation 
12.48): 


M,:1-D,,, (Nj +N.) +L... 1.25610 --0.333x (40415)? x 0.03 
™  (1+K,)-(4g+h,,,(+H,,.)) (1+.0.05)-(41+10(1+1.05))10~ 


rec 


L=u,N2| i+ Ms lap, +u,N2| “2 4" lap 
Pee ager bea reso e | Spe ial 8 


st so i) 


=4.633x10° H 


=1.25610—6| 407 avs 0.333415" mead 0.391 |=1.229x10° H 
3-30 30 3-30 30 


L,=L, +L, =(4.633+1.229)10 = 5.862610 H 


The total resistance R, is 


(AD.N,+aDN JI. “3 6 
R,=?,, : | —- ” Joon = 2-3°10 1 -(0.333X15+0.381x 40) x6 X10" = 0.09742 Q 


n 
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FIGURE 12.16 Phasor diagram for E,, I, in phase. 


The rated copper losses P= RI = 0.09742 x 90° = 780 W. 
* To calculate the terminal voltage, the phasor diagram is required (Figure 12.16): 


v= -1(R, +joOL)+E, 


From Figure 12.16, 


aL : : Fes 
9, =-68, = tan] SP | = tant] 22 00%5 8620x1090 | pan (1.384) = 54.15° 
E,-RI, 152.376—1.09742-90 


cos@, = 0.5856 
This is a moderately low power factor. The machine is absorbing considerable reactive power. 


The terminal voltage V, is, simply, 


y — (A:T RA.) _ 152.376 —0.09742-90 
"  cos@, 0.5856 


= 245.2 V 


The delivered active power P,, is 
P =VI, cosg, = 245.2x 90x 0.5856 = 12.924 kW 


The copper losses are about 6% of rated output power. 
The absorbed reactive power Q,, is 


Q, =VI, sing, = 245.2 x 90x sin(—54.15°) = -17.88 kVAR 


A 17.88 kVAR series capacitor has to be added to compensate for this reactive power and thus 
make the LMA work with resistive voltage regulation. 


12.7 The Flux Reversal LMA with Mover PM Flux 
Concentration 


The flat double-sided configuration in Figure 12.11 represents the flux reversal LMA with mover PM 
flux concentration (FR-LMA-FC). It is reproduced here in its cross-sectional form to assist in perfor- 
mance computation (Figure 12.17). 
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stack 


FIGURE 12.17 The flux reversal linear motion alternator (FR-LMA) with mover permanent magnet (PM) flux 
concentration (see also Figure 12.14). 


It should be noted first that the two identical stators are shifted by the maximum stroke length: J,,,.,.,. 
The maximum stroke length is equal to PM pitch 7,,, and to half the small flat pitch 7, in the stator poles: 
Tom = T.l2 = leroker 

To make the best use of copper in the coils, the coil turn geometry should be close to a quadrangle 
(which is closest to a circle). The PM flux linkage in the coils switches polarity from the extreme left 
position to the extreme right position by [,,,,,.. 

All PMs are active all the time, but again, flux fringing is a severe limiting factor in performance. 

The mechanical airgap should be small, to reduce fringing, but not too small, as the machine induc- 
tances increase too much. In principle, the machine inductance varies with mover position. 

PM flux concentration is obtained as the hpyj/1.,:¢ ratio becomes greater than unity. 

To overcome the natural increase in inductance, which is maximum in axis q (when the PM flux 
linkage in the coils is zero; Figure 12.15), the flux concentration has to be substantial, as it also has to 
cover for large fringing. 


Example 12.3 


Let us consider an FR-LMA-FC with the following specifications: 


- P.=1kW 
7, = 0.93 
- U,=120V 
* f, = 60 Hz 


* Stroke length: J,,,o.¢= 12 mm 
The task is to do preliminary sizing of such a machine. 
Solution 


First, we have to calculate the average airgap PM flux density under stator tooth for the mover 
position of maximum flux linkage in the stator coils: 


2B | B 
Boo Tom 7 (1+ K - 8 s +H, Pong = B,, = B. - A bree (12.52) 
fringe 0 
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From Equation 12.52, after B,, and H,,, are eliminated, 


- Br +21, Tox, (203) 
‘9PM Hree | 48Ipw | 
(i+ K pg) (4 My ‘ Tex lp 


with 2) /t 25) Ke 05, 2= 10° ms hye x1 


125 
B= =1.103 T 


PM (+0 5)(i+ wan) 


4x107 


The maximum flux in a coil ®,,,, is as follows: 


D ag = 25° Bepyy lence Tp = 225% 1-103 XL, X 0.012 = 0.033 Loy 
The average force F, is 
P 200 
F=—*—= oe =746.7 N (12.54) 
* 7,U,, 0.93x2x0.012 x60 
Also, the total force has the following expression: 
Fea by. HP) (12.55) 
eo = PMax fo tern " 
Tov V2 
The stack length /,,,;, has to be determined based on the force density concept (f,,, = 4 N/cm* in our case): 
E a Te ; Al sack ST png 
12.56) 
746.7 ( 
LS bil = 0.078 m 
me 4-410" X5x0.012 
Fortunately, /,,,., is close to 5 = 60 mm. 
From Equation 12.55, the ampere-turns per coil n_J,, can be calculated: 
F:T,-V2_ 746.7x0.012x ¥2 
nil =—*—M aoe v2 = 613.54 Ampere-turns/coil (12.57) 
“" 2x4x0.033-1,, 0.264 0.078 
For a large slot filling factor, Kg, = 0.55 (premade coils), the window area A,, is as follows: 
2n_-1 2X 613.54 
yea ; = 371.8 mm’ (12.58) 
Jeon K jy = © 10° X0.55 


With the window width W, = 2T,, = 24 mm, the large slot height h, = A,,/W,= 371.8/24 = 15.49 
mm. This small value is good for reducing the slot leakage inductance. 
The emf is computable from the following: 


E=——*=K-n (12.59) 
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or 


_ 746.7 X 1.44 _ 


——— = 1.752 
: 613.54 


Further on, the machine inductance L, is obtained from its two components L,, and L;: 


at, 1 tT, —h 
Le x4 H, n x PM ‘stack (1 4p K hinge) wk PM PM ) 
g T 
oe (12.60) 
x 0.012 x 0.078 2 
= 4-1.256x 10 x 0012x0078 4 0.5) xn? x 2 = 1.396610 1? 
1x10 3 : 
2 h, 

L, = 4 hak 37 * lt 08 (12.61) 


The turn end connection, length, /,,,,, is as follows: 


1 = 14 +107,,, + 3W,/2 = 0.078 +10 x 0.012+ 3x 0.024/2 = 0.234 m 


end s 


The factor 0.33 represents the usual approximation used for single coils in induction machinery: 


L, =4X1.256x10*| 0.078 pe 
3x24 


+027%0.33 =0.532x10 °n? 


The total resistance R, with all coils in series R, is as follows: 


Rado Lite _ 423X107" -0.324-n? x6x10° 
Be Tae 613.54 


Jeon 


=2.915x10‘n? 


The coil length [,,,, is 


zs = 0.324 m 


coil si 


WwW 
1. =21 +107, +4x— =2x0.078+10x0.012+4x 
tack PM 2 


Let us consider that a series capacitor fully compensates the inductance L, and, thus, 
V,=-R +E, 
120 = -2.915-10 +n. -(n,+1,)+1.752-n. 
With 1, -I, = 613.54 Aturns 


n, =76 turns/coil 


Finally, R, = 1.6837 Q. 
nol 


The rated current I, = <* = $354 = 8.0723 A. 


. 760 
f 


Ss 
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The machine maximum inductance, on axis q, is 


L.=L,, +L, = (1.396610 +0.532 x10 °) x76" = 0.08263 H 


The copper losses P.,,, are as follows: 


P= R,- I’ = 1.6537 x8.0723° = 109.7 W 
It is now visible that, with this design, the efficiency target of 0.93 may not be reached, as the copper 
losses are already 10% of the output of about 1 kW: P =I -V, =8.073-120 =~ 968 W. Reducing the 
current density will result in increased efficiency. 

It is important now to calculate the power factor angle @, in the machine for rated output: 


OL.) _ jap (8.0723- 2m -60-0.08203) _ 


tan '(1.88)= 62°; cos@, ~0.47 
1.75276 i) 9 


Note that the power factor is rather poor, as expected. So, we will need a sizable capacitor to 
compensate for it: 


Q =Q, =@,-L,- I? =2m-60x 0.08263 x 8.0723" = 2.029 kVAR(!) 


However, the machine size for 1 kW is acceptable with a total weight of less than 8 kg. What made 
it possible was heavy PM flux concentration with full use of PMs all the time. 


FEM Analysis 
For a similar prototype but with a 100 mm stack length, a detailed FEM analysis was performed [4]. 

The flux paths for the extreme right and middle positions are shown in Figure 12.17. 

It is apparent that the flux is not quite zero in the middle position, as ideally it should be (Figure 12.18a 
and Figure 12.18b). 

The static forces vs. position for constant DC ampere-turns per coils is shown in Figure 12.19. 

It is clear that the force decreases toward the excursion ends and is not fully symmetrical with respect 
to the middle position. Then, when the current is sinusoidal and in antiphase with the speed (in phase 
with the emf), the force vs. position looks as shown in Figure 12.20. 


(a) (b) 


FIGURE 12.18 Flux paths (at zero current) for (a) extreme right and (b) middle position. 
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685 A 


Displacement (mm) 


FIGURE 12.19 Static force vs. position for constant coil magnetomotive force (mmf) (RMS). 


The presence of reluctance force due to mild magnetic saliency is evident in Figure 12.19, and it also 
appears in Figure 12.20. Figure 12.21 illustrates inductance vs. position (for one turn per coil) and rated 
current. 

The PM airgap flux density distribution for the extreme left position of the mover is apparent in 
Figure 12.22. It is clearly visible that the average design B,»,, ~ 1.1 T under the stator teeth is actually 
obtained. So, the analytical predictions were realistic (King = 0.5). 

Finally, the peak cogging force in Figure 12.23 of about 270 N, is about 35% of the average electro- 
magnetic force of 746 N. It is not zero exactly in the middle position, but it is monotonous (as in a 
spring) over almost 11 mm out of the 12 mm maximum stroke length. With strong springs to cover for 
this cogging force nonlinearity toward stroke ends, the operation is expected to be stable over the 
maximum stroke length of T),,= 12 mm. The cogging force saves some of the otherwise larger required 
mechanical spring material. 

It may be stated that the above analytical and FEM investigations corroborate well enough to be a 
solid base for refined designs, optimization, transients, and control. 


co 
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oO 
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FIGURE 12.20 Thrust vs. position for sinusoidal current. 
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FIGURE 12.21 Inductance vs. position (for one turn per coil) and rated current. 
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FIGURE 12.22 Permanent magnet (PM) airgap flux density distribution at extreme left position of the mover. 
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FIGURE 12.23 The cogging force. 
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12.8 PM-LMAs with Iron Mover 


A few PM-LMAs with iron mover were proposed (Figure 12.24a through Figure 12.24f). They may be 
classified into flux switch (Figure 12.24a through Figure 12.24c) and flux reversal (Figure 12.24d) 
configurations. 

While configurations in Figure 12.24a through Figure 12.24d are tubular, the ones in Figure 12.24e 
and Figure 12.24f are flat and double sided. 

It should be noted that the tubular configuration in Figure 12.24d [3] and the flat ones in Figure 12.24e 
and Figure 12.24f [6] are based on the same, flux reversal, principle. 

As both have about the same merits and demerits we will treat here in some detail the tubular version, 
as it seems to be more manufacturable, and it also offers more flexibility in design (the number of radial 
poles may be 2p, = 4, 6, 8). The lamination design does not depend on the stroke length because the 
flux paths are essentially in the radial plane, which is transverse to the motion direction. Another stator 
PM flux concentration configuration is introduced in Figure 12.24f. 


12.9 The Flux Reversal PM-LMA Tubular Configuration 


The tubular configuration of the flux reversal PM-LMA (Figure 12.24d) takes advantage of the basic 
topology of the switched reluctance machine. 

It conventionally uses stamped radial laminations with 2p, radial poles. Along the axial direction, 2n 
PMs are attached to the stator poles with alternate polarity and a pitch of Ty). 

The mover is also made of stamped laminations, but axially, only each other pole is filled with 
laminations with the interpole made of an insulating low-density material, to reduce mover weight. 

The number of radial poles 2p,, the number of axial poles 2n, the stator bare diameter D,,, and the PM 
thickness hp,, are the main variables to consider in a design, in addition to the PM pole pitch T,,,, equal to 
the stroke length (1,,,o1¢= Tp): Then other variables, such as the stator pole angle a, = (0.5 to 0.6)7/p,, the 
coil height h,,,, and the stator back core radial height h,,,, come into play (Figure 12.25). 

The blessing of circularity is no small advantage in securing an ideally zero radial force for zero 
excentricity and in facilitating easy framing. 

The PM flux in the stator 2p, coils reverses polarity (when the mover moves by /,,,,;. from the extreme 
left to the extreme right position) from + ®,,, to —®,,, per one radial x one axial pole lengths. 

On the other hand, the PM flux of axial PM pole varies from Dpy,,. to P payin and thus, 


coi 


© (12.62) 


PM — MD hes ~ ae 


How to maximize ®,,, for given D,,, 2p, and I,,,,,. 1s a complex problem. However, it was realized [1] that 
when the mover laminated pole length is |, = Tpy,/2 and (g + Mpy;)/Tpy = 0.5, the maximum force density 
f, (N/cm?) is obtained. For minimum copper losses per N of force, however, I,,,/Tp,, = 1 (pole/interpole). 

Though much of PM flux lines flow in the radial plane, due to alternate polarity along the axial 
direction, some of them flow in the axial plane as fringing flux. This effect has to be calculated in a three- 
dimensional (3D) FEM or quasi-2D FEM [7]. 

An analytical model is developed first, and then test results on a prototype are shown. 


12.9.1 The Analytical Model 


First, the maximum and minimum flux per axial pole ®,,,,, may be written as follows: 


= Gy ax! pvt F I ma H h 
PMax 14K , PMc PM 
° (12.63) 
= Garin! pm 
PMin 1+K, 
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FIGURE 12.24 Permanent magnet linear motion accelerators (PM-LMAs) with iron movers: (a) with radial airgap, 
(b) with pulsed flux, (c) with axial airgap, (d) tubular with flux reversal, (e) flat with flux reversal, and (f) flat with 
PM flux stator concentration. 
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FIGURE 12.25 Main geometry variables in a 2p, = 4 radial and 2n = 6 axial poles. 


The magnetic permeances G,,,, and G,,,, are as follows [3]: 


+h 1 a 
G =n 0, —2g+ (g j=} stroke 


= gth», 360 
Gis i Gis Gas 
a, (12.64) 
G =33 D,-gth, 
minl Ms = —§ ind Sea 360 
I +h I a 
Gas rat 4u, i D, _ stroke (g pe) | In stroke ee 2 
a Agthp»,) }} 360 
If] S2gthp,,), then G,,, =0. Grin accounts approximately for flux axial fringing. 
The emf, e(t), is now, simply, 
d® dx 2® 
e(t)=—™ .N-2p.n-— =——™ .2pn-N- u(t 12.65 
dx a dt | roke . 
The machine inductance, independent of mover position, L, is 
L.=L,+L, 
(12.66) 
L,=C,-N’; C,=4pn(G_+G.,.) 
The leakage inductance L, is 
2 
L,=C,-N 
(12.67) 


C,=4p, My (AL +4 ) 


$ cS end Lad 


where 
L. = 2n- | rake 
1 =b +7a/2 


b, is the stator pole width in the radial plane 
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a is the coil width in radial plane 
1, is the coil in slot length 
La 1s the coil end connection length 


The slot and end connection geometrical permeance coefficients A, and A, 


ene 


, are as follows: 


Aa 
A=; Ad 


s a end 


coil height (12.68) 


coil 


= A125 h 
Finally, the phase resistance with all coils in series, R,, is 


: 2 
coil 


1 .-N 
R, = 2P, “Poo ‘ IN > La = (2n-l 


Jeon 


stroke 


+b, + mal2)x2 (12.69) 


where 
I, is the rated RMS current 
Jeon iS the design current density 
N is the turns per coil 


The instantaneous force F, is written, with Equation 12.65, as follows: 


a e(t)-i(t) 2 
i u(t) 


PM .2pn-N-i(t)=C, -i(t) (12.70) 
stroke 

The above model is based on the assumption that the PM flux in the stator coil (per axial—radial PM 
pole) ®,,, varies linearly with mover position. In reality, at least a third harmonic may be detected in 
the emf once the excursion length comes close to the maximum (ideal) stroke length. Consequently, the 
force F, will not be strictly proportional to current (C; will decrease with the mover on departure from 
the middle position). 

Proof of these phenomena is shown, through tests, on a 125 W, 120 V, 60 Hz linear alternator with 
I,= 10 mm [3], in Figure 12.26 and Figure 12.27. 

For the prototype, the measured cogging F.,, (at zero current), electromagnetic force F, (current only), 
and total force F,are shown in Figure 12.28. It is to be noted that, for constant current, the electromagnetic 
force F, decreases notably toward the excursion end. The cogging force is large but it increases steadily 
up to more than 90% of full stroke length (2 x 5 = 10 mm). 

Note again that the cogging force behaves like an additional mechanical spring. The actual springs should 
only complement the cogging force to secure stable oscillations up to ideal full stroke length. It should also 


Voltage rms (Volts) 


Amplitude (mm) 


O Motor 
< Alternator 
— Expected 


FIGURE 12.26 Electromagnetic force (emf) vs. mover position for [, 


stroke 


= 10 mm (test results). 
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Force (N) 
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FIGURE 12.27 Current-only force vs. current for various motion amplitude x, =1,,,,/2 (test results). 


be borne in mind that toward the stroke end, the current in the coil decreases to zero, and thus, the corre- 
sponding decrease of the force constant C;, does not produce severe damage in performance (in average force). 
A capacitor is added to compensate (partially or totally) for the machine inductance voltage drop. 
For a resistive passive load, the measured terminal voltage vs. current is shown in Figure 12.29 for 
three values of the capacitor, all below full compensation conditions. 
Electrical efficiencies above 85% were measured in back-to-back motor/generator loading experiments 
of the 125 W prototype. 


Note that a design example for such a 1 kW alternator is given in Reference 1 and, thus, is not repeated 
here. 


We investigated a number of practical configurations for PM-LMAs and conclude the following: 


All operate as single-phase synchronous alternators. 

All should operate so that electrical and mechanical resonance and frequency are 
equal: f, =,/K,/m, / 21. 

For all, in general, mechanical springs, made of copper—beryllium flexures [4], are used to secure 
stable oscillations up to full stroke length. 


For all, to decrease the electrical power delivered on a given load resistance, the stroke length is generally 
reduced by adequate control in the prime mover, while f, = constant, and so is the terminal voltage. 


In what follows, we will dwell a while on the control and stability of PM-LMAs. 


The phase coordinate state-space model of PM-LMA is straightforward, and thus, it is not developed 
here though is needed for transients and control design. 


Force (LB) 
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A With 3 amps 


FIGURE 12.28 Force components vs. mover position. 
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FIGURE 12.29 Alternator voltage vs. current (resistive load) for various constant motion amplitudes and capacitor 


pairs (test results). 


12.10 Control of PM-LMAs 


The control of the PM-LMAs depends on the prime mover and load characteristics. 
Typical prime movers for PM-LMAs are as follows: 


: Stirling engines: free piston engines [16] 
+ Spark-ignited linear internal combustion engine (ICE) [2] 
* Very low-speed reciprocating wave machines (0.5 to 2.0 m/sec average speed) [6] 


The control of stroke should be instrumented through the prime mover, while the adaptation of 
alternator voltage to the load — independent or at power grid — is to be performed by power electronics. 
The motion frequency may be maintained constant and equal to power grid frequency, securing operation 
at the mechanical resonance frequency. If the frequency of motion varies within some limits, then the 
complexity of power electronics has to increase, if the load demands constant frequency and voltage output. 


12.10.1 Electrical Control 
So far, we encountered only single-phase linear alternators. 


The control solution refers to the following: 


* Constant motion frequency applications 
+ Variable motion frequency applications 
They handle the following: 
* Stand-alone nondemanding loads 
+ Strong power grids 
For constant motion frequency, the control is decoupled (Figure 12.30): 


* Motion amplitude control via prime-mover governor to deliver more or less mechanical power 
+ Voltage adaptation if operation at the power grid or at a certain voltage is required 


The power error is the input of a power regulator followed by the stroke length, ae regulator. Finally, 
the fuel injection rate is modified to produce the required motion amplitude, I”, according to electric 


stroke? 
power requirements. 
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FIGURE 12.30 Control at power grid. 


As the frequency is constant, and connection to the grid is required, the motion phase may be modified 
slowly to provide the synchronization to grid conditions. The voltage adapter may be an autotransformer 
with variable ratio via a small servomotor. Alternatively, a soft-starter may be used to reduce the transients 
during connection to the grid. An additional resistance may be added before synchronization, in series 
with the alternator, and then short-circuited a few seconds later, as is done with wind induction generators. 

When the motion frequency is allowed to vary, a front-end rectifier plus inverter may be applied 
(Figure 12.31). In this case, the series capacitor is no longer required, as the DC link capacitor does the 
job. The DC link voltage may now be larger than the LMA emf. 

A bidirectional converter makes the interface between the variable voltage and frequency of the PM- 
LMA and the load requirements. The control of the load-side converter is different for independent load 
in contrast to power grid operation. The subject was presented for three-phase PM generators in 
Chapter 10. It should be similar for the single-phase alternators. The bidirectional converter also allows 
for motoring and, thus, could help in starting or stabilizing the prime mover’s motion when the operation 
takes place at the power grid or with a backup battery. In this case, the smooth connection to the power 
grid is implicit. 

Note that for ocean-wave linear translator alternators, three-phase configurations were proposed [6]. 
When the linear motion changes directions, the phase sequence changes, but the active front rectifier 
can handle, implicitly, this situation. A three-phase bidirectional converter is required in this case. The 
control of such a system is similar to the case of rotary PM generators (Chapter 10). 


12.10.2 The Spark-Ignited Gasoline Linear Engine Model 


The spark-ignited gasoline linear engine model was developed in Reference 8 (Figure 12.30). 
The basic force balance equation of the system is as follows: 


P(x)A,—P,(x)— F(x) =m,x (12.71) 


© 2006 by Taylor & Francis Group, LLC 


12-34 Variable Speed Generators 


Sensorless 
control system 


To prime 
mover control 


FIGURE 12.31 Permanent magnet linear motion alternator (PM-LMA) with bidirectional power converter. 


where 
P,(x) is the instantaneous pressure in the left cylinder 
P,(x) is the instantaneous pressure in the right cylinder 
A, is the bore area 
F, is electromagnetic, friction, and mechanical spring (if any) force 
m, is the total translator mass 


Under ideal (frictionless) no-load operation, no heat is required to sustain the motion; the forces from 
compressing and expanding gas in the engine will maintain motion by themselves. 
The natural frequency of the engine is thus met. 


In the absence of mechanical springs and of cogging force of the alternator, the force balance at no 
load becomes [9] as follows: 


2 n —<ft. —n 7 
A,b| : ) 1+ 1- | j=m,x (12.72) 
x 


where 
P, is the intake pressure 
x,, is the mid-position point (half-stroke length: x,, = Jurore/2) 
r is the compression ratio 


Equation 12.72 produces almost harmonic motion [9]. 


As expected, the real prime mover departs from this situation, and the motion frequency is slightly 
reduced under load. The presence of mechanical springs (and of cogging force) tends, however, to bring 
back the frequency to resonance conditions. 
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12.10.3 Note on Stirling Engine LMA Stability 


The stability of an LMA with Stirling engine prime mover in operation at constant voltage is treated 
in Reference 1. In the absence of mechanical springs and of cogging force, but with full capacitor 
compensation, the motion frequency is varied, and the steady-state stability condition is checked: 


W,<W (12.73) 


d e 


where 
W, is the mechanical (input) energy per cycle of @ (frequency) 
W, is the electrical (output) energy per cycle of @ 


A complete study of stability with closed-loop stroke control, mechanical springs, cogging force, and 
with power electronics interface to independent load or at power grid is still to come. 


12.11 Progressive-Motion LMAs for Maglevs 
with Active Guideway 


So far, we discussed only LMAs with linear oscillatory motion. The LMAs may also be used with 
progressive linear motion. A typical case is the magnetically levitated trains (maglevs) with active guide- 
way. By active guideway we mean that the maglev propulsion is provided by linear synchronous motors 
with superconducting or conventional excitation on board [10, 11, 12]. Auxiliary power on board, in the 
absence of electric power mechanical collectors, has to be obtained through electromagnetic induction 
(contactless) and used in corroboration with battery storage. 

For the maglev with electromagnetic controlled excitation, the German Transrapid 06 and 08 
(Figure 12.32a through Figure 12.32c), the three-phase cable winding, which is located along the guideway 
(face down), in an open-slot laminated core, is fed in synchronism with the vehicle (excitation rotor 
poles) such that the emfs are in phase with the phase currents. 

The suspension is produced by the control of the excitation current on board from zero speed. The 
propulsion is controlled from on-ground power stations, provided with variable frequency bidirectional 
alternating current (AC)—AC power electronics converters. 

The armature (stator) mmf, in the presence of open slots, produces an airgap flux density that pulsates 
visibly with the stator slot pitch periodicity. 

With three slots per pole (Figure 12.32b), the pole pitch of the flux density pulsation due to slot 
opening is T, = 7/6. 

If the emf produced by this flux density harmonics is to be extracted, we need to plant, on the salient 
poles of the inductors on board the maglev, a two- or three-phase winding with the pole pitch 7,. For a 
two-phase winding, we need to plant at least six smaller slots on the inductor pole. 

For a two-phase winding, three coils per phase are thus obtainable, as the inductor pole span is about 
27/3 (Figure 12.32c). 

A diode rectifier with the two phases in series, a filter and a DC-DC converter may represent the 
solution to interface the linear generator to the battery and to the load in parallel with it. 

It was shown that such a linear generator can produce sufficient energy on board for excitation 
control and for auxiliary loads, above the half-rated speed of the vehicle. Under this speed, the battery 
takes over. When the vehicle is in a stop station, the batteries are charged from an on-ground energy 
system. 

In essence, the linear generator investigated here is a synchronous linear biphase machine with inde- 
pendently variable excitation current. It is the task of the diode rectifier plus the DC-—DC converter, 
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FIGURE 12.32 The Shanghai Transrapid Maglev Line: (a) the structure, (b) open-slot stator armature airgap flux 
density (B6), and (c) linear generator winding. 


eventually of the boost-buck type, to extract most of the available energy in the slot opening airgap flux 
density harmonic, produced by the stator current. 

For the superconducting Japanese maglev (MLX01) [12], a similar solution may be feasible, as the 
configuration is somewhat similar (Figure 12.33 [12]). 

The track is provided laterally along a U-shaped concrete track, with a three-phase cable propulsion 
winding with three “slots” per pole and pole pitch t and figure-eight-shaped levitation short-circuited 
coils with a span of T/2 to decouple the two windings. 

On board, there is a row of superconducting coils with pole pitch T. 

The superconducting coils on board produce levitation and guidance through the currents induced 
by motion in the figure-eight-shaped stator short-circuited (levitation) coils. At the same time, they 
interact with the three stator phase windings for propulsion. 

Now it is known that the levitation guidance through induced currents is based on repulsive forces 
that provide statically stable operation and, within some conditions, some negative damping of levitation 
and guidance motions. 

To further improve negative damping, an actively controlled coil system on board was used [10]. But 
to use a linear generator for the purpose is better, because both energy production on board and damping 
are provided by the same hardware. 
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FIGURE 12.33 Superconducting maglev with linear superconducting generator. 
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This is how figure-eight-shaped coils are placed on board to form a three-phase winding. They have 
to sense a harmonic field of levitation coil currents. The linear generator makes use of superconducting 
coils to induce, through vehicle motion, currents in the levitation guidance ground coils. In turn, a 


harmonic field of the stator levitation coil currents induces emf in the linear generator winding. 


A power electronics converter is needed as an interface between the linear generator and the battery 


(Figure 12.34). 


The maximum output of the linear generator to the fixed voltage battery and load increases with speed 


(Figure 12.35) [12]. 


Details of the control of such a system are given in Reference 12, with reference to the superconducting 


maglev MLX01. 


Phase A 


Phase B 


Phase C 


FIGURE 12.34 Three single-phase converters for the superconducting linear generator for maglev. 
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FIGURE 12.35 Output vs. speed of superconducting linear generator on maglevs. 


12.11.1 Note on Magnetohydrodynamic (MHD) Linear Generators 


The MHD linear generators were proposed decades ago for direct conversion of ionized plasma at 3000 K 
heat to linear plasma motion at 1000 m/sec or so, and then, to electrical energy in a plasma DC linear 
superconducting generator (Figure 12.36) [10]. 

The magnetic field B has to be large and, thus, is produced via superconducting magnets. Perpendic- 
ular to B and to the direction of plasma speed u, there are two electrodes that collect the emf E,.: 


E,=uBL (12.74) 


Despite the seeded plasma low conductivity (Opjaima ~ 40 to 50 Siemens), the large speed u ~ 800 to 
1000 m/sec and the large flux density B= 4 T provide for acceptable electrical performance. For adiabatic 
thermal conditions, efficiency is above 55%. 

It is still claimed that such a linear MHD generator could notably improve the total efficiency in 
thermal power plants. However, since the recent developments of dual-cycle gas turbines with total 
efficiency above 60%, the future of linear MHD generators for power systems may seem less promising. 

For a detailed study of them, however, you may start with Reference 10, Chapter 5. 
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FIGURE 12.36 Plasma direct current (DC) linear magnetohydrodynamic (MHD) generator. 
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12.12 Summary 


LMAs directly convert linear oscillatory or progressive motion mechanical energy into electrical 
energy. 

Prime movers for LMAs so far are free-piston Stirling engines, single- or dual-piston gas linear 
engines, or wave energy engines for oscillatory linear motion. 

Maglev (magnetically levitated) vehicles are typical applications for on-board linear progressive 
motion alternators that work with battery backup to provide auxiliary power. Also, plasma MHD 
linear motion energy of seeded hot plasma to directly convert thermal energy to mechanical energy 
to electrical energy is feasible. 

The oscillatory LMAs are typically single-phase parametric machines, especially if the stroke length 
is generally below 100 mm. 

It was soon realized that equality between mechanical resonance and electrical frequency is key 
to high efficiency. Mechanical calibrated springs, as copper—beryllium flexures, are used to store 
and release mover kinetic energy at stroke ends. 

As the resonance frequency f = ,/K/m,/27 decreases with mover mass, the reduction of the latter 
is a problem at f, = 60 Hz for powers in the kilowatts and tens of kilowatts range for stroke length 
Lsroke Well below 100 mm. Consequently, reduction of machine and mover size is paramount. This 
is how permanent magnets come into play, with the added advantage of higher force per watt of 
losses. 

So, basically, PM-LMAs are single-phase SGs. Though trapezoidal motion was tried [13], as 
trapezoidal motion implies small power pulsations, the harmonic (sinusoidal) speed profile is still 
in favor, mainly due to practical reasons. 

For sinusoidal motion, the PM flux linkage variation in the armature coils has to be linear to 
secure sinusoidal emf waveform. All efforts to achieve this goal should be made. 

There are numerous LMA configurations of practical interest, and they may be classified with 
respect to mover type and geometrical shape as follows: 

+ With coil mover 

+ With PM mover 

+ With iron mover 

* Tubular 

* Flat, double sided 

There are many subdivisions of these main types, such as with air coils or in-slot coils or with PM 
flux paths within the motion plane or transverse to it, or without or with PM flux concentration. 
The aim for high force/volume is in contradiction to high force/watt of losses and to low-power 
factor angle @, = tan” (o,L I /E). The latter is decisive in the power output level for given terminal 
voltage or in voltage regulation. Full compensation of machine inductance by a series capacitor 
is not uncommon to maximize the output for given geometry at highest force/watt of losses. 
LMA configurations with PM flux concentration lead to large force/volume and force/watt, but a 
larger capacitor for reactive power compensation is required. We trade here PMs for capacitors 
when optimization is performed. 

Air coils, on stator or on mover, have the lowest electrical time constants T, (T, < 10 msec for powers 
in the 1 to 50 kW range) at good power factor and moderate force density (4 N/cm? at 22.5 kW). 
PM-mover and iron-mover LMAs are shown to produce the same force density for higher force/ 
watt of losses but at moderate power factors. 

Realistic analytical models for a few configurations were applied for numerical examples of interest, 
and two of them were validated through FEM analysis. Efficiency above 85% at 100 W output 
was demonstrated with weight less than 15 kg/kW. 

The control of LMA connected to the power grid was demonstrated to be possible only via stroke 
control of the Stirling engine prime mover, with a full compensation capacitor [3]. 
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A more elaborated control is obtained through a bidirectional power electronics converter for 
interfacing with the load, as much as for the three-phase rotary PM generators (Chapter 6, 
Synchronous Generators). 

Though very large force density (12 N/cm?) [6] was recently claimed, as for rotary counterparts 
(Chapter 11), with some configurations, the corresponding power factor was about 0.2. This means 
very large capacitor energy storage (for reactive power compensation) that is not easy to justify. 
Low cost and advanced power electronics control was introduced by LMAs [13]. 

For progressive linear motion, maglev linear generators were proposed in the tens of kilowatts 
power range. They exploit the airgap flux density space harmonics of stator coils, be them the 
three-phase winding or the levitation short-circuited coils. With proper battery backup, they were 
shown to be able to cover the energy needs on board active guideway maglev vehicles. 

Seeded plasma linear progressive motion MHD DC brush generators were also proposed to 
improve the overall efficiency in thermal power plants above 50% without low energy heat delivery 
considered (10% over standard turbines). As the dual-cycle gas turbines, introduced recently, 
pushed the overall efficiency (thermal plus electrical) above 60%, the MHD generators may not 
aggressively enter power systems anytime soon. See Reference 10 for a detailed introduction to 
linear MHD generators. 
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Preface 


Electric energy is a key ingredient in a community at the civilization level. Natural (fossil) fuels, such as 
coal, natural gas, and nuclear fuel, are fired to produce heat in a combustor, and then the thermal energy 
is converted into mechanical energy in a turbine (prime mover). The turbine drives the electric generator 
to produce electric energy. Water potential and kinetic energy and wind energy are also converted to 
mechanical energy in a prime mover (turbine) that, in turn, drives an electric generator. All primary 
energy resources are limited, and they have thermal and chemical (pollutant) effects on the environment. 

So far, most electric energy is produced in rather constant-speed-regulated synchronous generators 
that deliver constant alternating current (AC) voltage and frequency energy into regional and national 
electric power systems that then transport it and distribute it to various consumers. In an effort to 
reduce environment effects, electric energy markets were recently made more open, and more flexible 
distributed electric power systems emerged. The introduction of distributed power systems is leading 
to increased diversity and the spread of a wider range of power/unit electric energy suppliers. Stability 
and quick and efficient delivery and control of electric power in such distributed systems require some 
degree of power electronics control to allow for lower speed for lower power in the electric generators 
in order to better tap the primary fuel energy potential and increase efficiency and stability. This is how 
variable-speed electric generators recently came into play, up to the 400 (300) megavolt ampere (MVA)/ 
unit size, as pump-storage wound-rotor induction generators/motors, which have been at work since 
1996 in Japan and since 2004 in Germany. 

The present handbook takes an in-depth approach to both constant and variable-speed generator 
systems that operate in stand-alone and at power grid capacities. From topologies, through steady-state 
modeling and performance characteristics to transient modeling, control, design, and testing, the most 
representative standard and recently proposed electric generator systems are treated in dedicated chapters. 

This handbook contains most parameter expressions and models required for full modeling, design, 
and control, with numerous case studies and results from the literature to enforce the assimilation of the 
art of electric generators by senior undergraduate students, graduate students, faculty, and, especially, by 
industrial engineers, who investigate, design, control, test, and exploit the latter for higher-energy con- 
version ratios and better control. This handbook represents a single-author unitary view of the multi- 
faceted world of electric generators, with standard and recent art included. The handbook consists of 
two volumes: Synchronous Generators and Variable Speed Generators. 

An outline of Synchronous Generators follows: 


+ Chapter 1 introduces energy resources and the main electric energy conversion solutions and 
presents their merits and demerits in terms of efficiency and environmental touches. 

* Chapter 2 displays a broad classification and the principles of various electric generator topologies, 
with their power ratings and main applications. Constant-speed synchronous generators (SGs) 
and variable-speed wound rotor induction generators (WRIGs), cage rotor induction generators 
(CRIGs), claw pole rotor, induction, permanent magnet (PM)-assisted synchronous, switched 
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reluctance generators (SRGs) for vehicular and other applications, PM synchronous generators 
(PMSGs), transverse flux (TF) and flux reversal (FR) PMSGs, and, finally, linear motion PM 
alternators, are all included and are dedicated topics in one or more subsequent chapters in the 
book. 

* Chapter 3 covers the main prime movers for electric generators from topologies to basic perfor- 
mance equations and practical dynamic models and transfer functions. Steam, gas, hydraulic, and 
wind turbines and internal combustion (standard, Stirling, and diesel) engines are dealt with. 
Their transfer functions are used in subsequent chapters for speed control in corroboration with 
electric generator power flow control. 

* Chapter 4 through Chapter 8 deal with synchronous generator (SG) steady state, transients, 
control, design, and testing, with plenty of numerical examples and sample results presented so 
as to comprehensively cover these subjects. 


Variable Speed Generators is dedicated to electric machine and power system people and industries as 


follows: 


vi 


* Chapter 1 through Chapter 3 deal with the topic of wound rotor induction generators (WRIGs), 
with information about a bidirectional rotor connected AC-AC partial rating pulse-width mod- 
ulator (PWM) converter for variable speed operation in stand-alone and power grid modes. 
Steady-state (Chapter 1) transients and vector and direct power control (Chapter 2) and design 
and testing (Chapter 3) are treated in detail again, with plenty of application cases and digital 
simulation and test results to facilitate the in-depth assessment of WRIG systems now built from 
1 to 400 MVA per unit. 

Chapter 4 and Chapter 5 address the topic of cage rotor induction generators (CRIGs) in self- 
excited mode in power grid and stand-alone applications, with small speed regulation by the prime 
mover (Chapter 4) or with a full rating PWM converter connected to the stator and wide variable 
speed (Chapter 5) with +100% active and reactive power control and constant (or controlled) 
output frequency and voltage, again at the power grid and in stand-alone operation. Chapter 1 
through Chapter 5 are targeted to wind, hydro, and, in general, to distributed renewable power 
system people and industries. 

Chapter 6 through Chapter 9 deal with the most representative electric generator systems recently 
proposed for integrated starter alternators (ISAs) on automobiles and aircraft, all at variable speed, 
with full power ratings electronics control. The standard (and recently improved) claw pole rotor 
alternator (Chapter 6), the induction (Chapter 7), and the PM-assisted synchronous (Chapter 8) 
and switched reluctance (Chapter 9) ISAs are investigated thoroughly. Again, numerous applica- 
tions and results are presented, from topologies, steady state, and transient performance to mod- 
eling to control design and testing for the very challenging speed range constant power 
requirements (up to 12 to 1) typical of ISAs. ISAs already reached the markets on a few mass- 
produced (since 2004) hybrid electric vehicles (HEVs) that feature notably higher gas mileage and 
emit less pollution for in-town driving. This part of the handbook (Chapter 6 through Chapter 9) 
is addressed to automotive and aircraft people and industries. 

Chapter 10 deals extensively with radial and axial airgap, surface and interior PM rotor permanent 
magnet synchronous generators that work at variable speed and make use of full-rating power 
electronics control. This chapter includes basic topologies, thorough field and circuit modeling, 
losses, performance characteristics, dynamic models, bidirectional AC-AC PWM power electronics 
control at the power grid and in stand-alone applications with constant DC output voltage at 
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variable speed. Design and testing issues are included, and case studies are treated through numer- 
ical examples and transient performance illustrations. This chapter is directed to wind and 
hydraulic energy conversion, generator-set (stand-alone) interested people with power per unit 
up to 3 to 5 MW (from 10 rpm to 15 krpm) and, respectively, 150 kW at 80 krpm (or more). 

* Chapter 11 investigates, with numerous design case studies, two high-torque-density PM SGs 
(transverse flux [TFG]) and flux reversal [FRG]), introduced in the last two decades to take 
advantage of multipole stator coils that do not overlap. They are characterized by lower copper 
losses per Newton meter, (Nm) and kilogram per Nm and should be applied to very low-speed 
(down to 10 rpm or so) wind or hydraulic turbine direct drives or to medium-speed automotive 
starter-alternators or wind and hydraulic turbine transmission drives. 

* Chapter 12 investigates linear reciprocating and linear progressive motion alternators. Linear 
reciprocating PMSGs (driven by Stirling free piston engines) were introduced (up to 350 W) and 
used recently for NASA mission generators with 50,000 h or more fail-proof operation; they are 
also pursued aggressively as electric generators for series (full electric propulsion) vehicles for 
powers up to 50 kW or more; finally, they are being proposed for combined electric (1 kW or 
more) and thermal energy production in residencies, with gas as the only prime energy provider. 
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